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Abstract  
45(& .)/()/.6)& 67& /5.8& 96:18(& .8& /6& ;16*.3(& <:.3+)9(& +)3& /6628& )(9(88+1=& /6&
9+11=&6:/&+)&+)+2=/.9+2&3(8.<)&67&+&8.>;2(&+99(2(1+/61&>+<)(/?&@+8.9&96)9(;/8&
+)3& >+<)(/& /=;(8& -.22& A(& (B;2+.)(3& +8& -(22& +8& .>;61/+)/& +8;(9/8& -5.95&
856:23&A(&96)8.3(1(3&A(761(&8/+1/.)<&/5(&+9/:+2&3(8.<)&;5+8(?&45(&9()/1+2&;+1/&
67& /5.8& 96:18(& .8& 3(3.9+/(3& /6& 3(891.A.)<& 56-& /6& 3(*(26;& +& A+8.9& >+<)(/&
3(8.<)?&,:AC(9/8&2.D(&/5(&2+=6:/&67&/5(&>+<)(/.9&9.19:./%&/5(&(B9./+/.6)&96.28%&
+)3&/5(&9662.)<&9.19:./8&-.22&A(&3.89:88(3?&E&8561/&.)/163:9/.6)&/6&>+/(1.+28&
761&/5(&=6D(&+)3&96.2&96)8/1:9/.6)&+)3&+&A1.(7&8:>>+1=&+A6:/&968/&(8/.>+/(8&
761&>+<)(/8&-.22&96>;2(/(&/5.8&/6;.9?&&
1 Introduction 
45(& 896;(& 67& /5(8(& 2(9/:1(8& .8& /6& <.*(& +)& 6*(1*.(-& 67& (2(9/16>+<)(/.9& /(95)626<=& +8& :8(3& .)& +)3&
+16:)3&;+1/.92(&+99(2(1+/618&96)8.3(1.)<&,-+./)0'-,12'3&,45$&+-,01-.&,/3*1&(2(9/16>+<)(/8&<()(1+22=&
1(8/1.9/(3& /6&3.1(9/&9:11()/& 8./:+/.6)8&-5(1(&-(&+88:>(& /5+/& /5(&*62/+<(8&<()(1+/(3&A=& /5(&95+)<(&67&
72:B& +)3& ;688.A2(& 1(8:2/.)<& (33=& 9:11()/8& +1(& )(<2.<.A2(?& F(1>+)()/& +)3& 8:;(196)3:9/.)<& >+<)(/&
/(95)626<.(8&+8&-(22&+8&8;(9.+2&>+<)(/8&2.D(&D.9D(18&+)3&8(;/+&+1(&)6/&96*(1(3&.)&/5.8&;+;(1G&/5(=&-(1(&
;+1/&67&3(3.9+/(3&8;(9.+2&2(9/:1(8?&&
H/&.8&92(+1&/5+/&./&.8&3.77.9:2/&/6&<.*(&+&96>;2(/(&+)3&(B5+:8/.*(&8:>>+1=&67&>+<)(/&3(8.<)&8.)9(&
/5(1(&+1(&>+)=&3.77(1()/&>+<)(/&/=;(8&+)3&3(8.<)8G&.)&;1.)9.;2(&/5(&3(8.<)&67&+&>+<)(/&.8&2.>./(3&6)2=&
A=&/5(&2+-8&67&;5=8.98&+)3&/5(&.>+<.)+/.6)&67&/5(&>+<)(/&3(8.<)(1?&I:1/5(1>61(%&(+95&2+A61+/61=&+)3&
(+95& >+<)(/& 3(8.<)(1& 61& ()<.)((1& 5+8& 5.8& 6-)& 8/=2(& 67& +;;16+95.)<& +& ;+1/.9:2+1& >+<)(/& 3(8.<)?&
$(*(1/5(2(88%&H&5+*(&/1.(3&/6&<+/5(1&<()(1+2&+)3&96>>6)&;1.)9.;2(8&+)3&3(8.<)&+;;16+95(8?&&&
H& 5+*(& 3(2.A(1+/(2=& 769:8(3& 6)& +;;2.(3& +)3& ;1+9/.9+2& 3(8.<)& +8;(9/8& -./5& /5(& >+.)& <6+2& 67&
;16*.3.)<& +& <:.3(JA66D& -./5& ;1+9/.9+2& .)8/1:9/.6)8& 6)& 56-& /6& 8/+1/& -./5& /5(& 3(8.<)& 67& +& 8/+)3+13&
+99(2(1+/61&>+<)(/?&E8&7+1&+8&H&D)6-%&/5(1(&.8&)6&8:95&>+):+2&/5+/&;16*.3(8&8/(;JA=J8/(;&.)8/1:9/.6)8&
+226-.)<&/5(&8(//.)<&:;&67&+&7.18/%& 16:<5&+)+2=/.9&3(8.<)&A(761(&<6.)<&.)/6&+&>61(&3(/+.2(3&):>(1.9+2&
3(8.<)&-./5& 7.(23&96>;:/+/.6)&963(8& 2.D(&#KLH"%&KF"#E%&E$,M,%&61&FKH,,K$?&45.8&<:.3(JA66D&
856:23&+286&5(2;&/6&+88(88&+)3&*+2.3+/(&/5(&7(+8.A.2./=&67&+&3(8.<)&;16;68+2&+)3&/6&31+7/&+&2.8/&67&/5(&D(=&
;+1+>(/(18&N-./5&C:8/&;()9.2&+)3&;+;(1O&-./56:/&8;()3.)<&/.>(&6)&96>;2(B&96>;:/(1&;16<1+>8?&
F2(+8(&D((;&.)&>.)3&/5+/&/5(8(&2(9/:1(8&+1(&>(+)/&761&8/:3()/8&67&>+<)(/&3(8.<)&+)3&()<.)((1.)<&
-61D.)<&.)&/5(&7.(23&67&+99(2(1+/61&89.()9(&P&)6/&761&+3*+)9(3&(B;(1/8?&&&
I61& /5(&8+D(&67&A1.(7)(88&+)3&8.>;2.9./=& H&5+*(&1(71+.)(3&716>&3(1.*.)<&6)9(&+<+.)&Q+B-(22R8&
(S:+/.6)8& P& /5(=& 5+*(& A(()& (B/()8.*(2=& /1(+/(3& A=& (B;(1/8& .)& 6/5(1& 2(9/:1(8?& M6:& -.22& +286& 7.)3&
>+/5(>+/.98& 1(3:9(3& /6& +& A+1(&>.).>:>?& 45(& 3(1.*+/.6)& 67& 761>:2+8& .)& /5.8& /(B/&>.<5/& 86>(/.>(8&
+;;(+1&96)3()8(3%&A:/&.)&9+8(&=6:&-+)/&/6&2(+1)&>61(%&=6:&856:23&+2-+=8&A(&+A2(&/6&7.)3&/5(&86:19(8&
-./5&/5(&5(2;&67&/5(&A.A2.6<1+;5=&9./(3&+/&/5(&()3?&46&<:+1+)/((&96)8.8/()9=&/516:<56:/%&,H&NQT,EO&
:)./8&+1(&:8(3&8=8/(>+/.9+22=?&&
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45(&;+;(1& 8/+1/8&-./5& +& 8561/& .)/163:9/.6)& /6&A+8.9& 96)9(;/8& +)3&>+<)(/& /=;(8%& 76226-(3&A=&+&
8(9/.6)& 3(3.9+/(3& /6& 9622(9/.)<& .)761>+/.6)& +)3& 3(7.).)<& /5(& 1(S:.1(>()/8& +)3& 96)8/1+.)/8& A(761(&
8/+1/.)<& /5(& +9/:+2& 3(8.<)?& 45(& >+.)& ;+1/& <.*(8& +)& .)/163:9/.6)& /6& A+8.9& +)+2=/.9& >+<)(/& 3(8.<)&
96*(1.)<& /6;.98& 8:95&+8&=6D(&3(8.<)%& 96.2&3.>()8.6).)<%& 9662.)<& 2+=6:/%&>+/(1.+2& 8(2(9/.6)%& +)3&968/&
(8/.>+/.6)?&E2/56:<5&/5(&2(9/:1(8&;1(8()/(3&3:1.)<&/5(&96:18(&.)92:3(3&+&8(9/.6)&.)/163:9.)<&):>(1.9+2&
3(8.<)&>(/5638%&./&5+8&A(()&6>.//(3&716>&/5(&;169((3.)<8&8.)9(&./&-+8&76:)3&/6&A(&/66&(B5+:8/.*(?&45(&
A.A2.6<1+;5=&1(96>>()38&2./(1+/:1(&761&7:1/5(1&1(+3.)<&761&/568(&-56&-.85&/6&<6&>61(&3((;2=&.)/6&/5.8&
8:AC(9/?&
2 Basic concepts and magnet types 
U(& .)/163:9(& A+8.9& 96)9(;/8& +)3& 92+88.9+2& )61>+2J96)3:9/.)<& >+<)(/& /=;(8%& 5.<52.<5/& /5(.1& >+.)&
95+1+9/(1.8/.98%&+)3&(B;2+.)&*(1=&A1.(72=&/5(.1&7:)9/.6)&+)3&;:1;68(&.)&+&;+1/.92(&+99(2(1+/61?&&
2.1 Dipoles 
H)&+&9.19:2+1&;+1/.92(&+99(2(1+/61&61&.)&+&9:1*(3&A(+>&/1+)87(1&2.)(%&3.;62(8&+1(&/5(&>68/&96>>6)2=&:8(3&
(2(>()/8?& E& 3.;62(& ;16*.3(8& +& :).761>& 7.(23& A(/-(()& ./8& /-6& ;62(8& -5.95& .8& (B9./(3& A=& +& 9:11()/&
9.19:2+/.)<&.)&/5(&96.28?&45(&8=8/(>&76226-8&/5(&1.<5/J5+)3&96)*()/.6)%&.?(?%&+&9:11()/&9.19:2+/.)<&9269DJ
-.8(&+16:)3&/5(&;62(8&;163:9(8&+&>+<)(/.9&7.(23&;6.)/.)<&36-)-+138?&&
45(.1&;:1;68(&.8&/6&A()3&61&8/((1&+&95+1<(3&;+1/.92(&A(+>?&E;;2=.)<&+<+.)&/5(&1.<5/J5+)3&1:2(%&
-5()&+&A(+>&67&;68./.*(2=&95+1<(3&;+1/.92(8&3.1(9/(3&.)/6&/5(&;2+)(&67&/5(&;+;(1&8((8&+&7.(23&;6.)/.)<&
36-)-+138%&./&.8&3(72(9/(3&/6&/5(&2(7/%&+8&856-)&.)&I.<?&V&N+O?&&
&& & &
Fig. 1:&W.;62(X&91688J8(9/.6)&N+O%&YWJ7.(23&3.8/1.A:/.6)&NAO%&+)3&7.(23&3.8/1.A:/.6)&6)&/5(&6J+B.8&N9O&
45(&(S:+/.6)&3(891.A.)<&+&)61>+2&.3(+2&N.)7.)./(O&;62(&.8X&&
& &
-5(1(&+&.8&/5(&5+27J<+;&5(.<5/?&45(&>+<)(/.9&72:B&3()8./=&A(/-(()&/5(8(&/-6&;62(8&.8&.3(+22=&96)8/+)/&
+)3&5+8&6)2=&+&96>;6)()/&.)&/5(&7J3.1(9/.6)%&+8&6)(&9+)&8((&716>&I.<?&V&N+OZN9OX&
& &&
H)&+)&.3(+2&3.;62(&6)2=&5+1>6).98&67X&,&[&1%&\%&]%&^???&N[&Y,&;62(&(11618O&9+)&+;;(+1?&45(8(&+1(&
9+22(3&/5(&_+226-(3R&5+1>6).98?&
2.2 Quadrupoles  
45(&8(96)3&>68/&96>>6)2=&:8(3&>+<)(/.9&(2(>()/8&+1(&S:+31:;62(8?&45(.1&;:1;68(& .8& /6& 769:8& /5(&
A(+>?&$6/(&/5+/&+&561.06)/+22=&769:8(3&A(+>&.8&+/& /5(&8+>(&/.>(&*(1/.9+22=&3(769:8(3?&E&S:+31:;62(&
5+8&76:1&.16)&;62(8&-./5&5=;(1A62.9&96)/6:1&-5.95&9+)&A(&.3(+22=&3(891.A(3&761&+&)61>+2&N)6)J8D(-O&
S:+31:;62(&A=&&
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& &%&
-5(1(&+&.8&/5(&+;(1/:1(&1+3.:8?&
&
&& && &
Fig. 2: &$61>+2&S:+31:;62(X&91688J8(9/.6)&N+O%&YWJ7.(23&3.8/1.A:/.6)&NAO%&+)3&7.(23&3.8/1.A:/.6)&6)&
/5(&6J+B.8&N9O&
E&S:+31:;62(&;16*.3(8&+& 7.(23&-5.95& .8&0(16&+/& /5(&9()/1(&+)3& .)91(+8(8& 2.)(+12=&-./5&3.8/+)9(&
716>& /5(&9()/1(&+8& 856-)& .)&I.<?&Y& N9O?&45(&(S:.;6/()/.+2& 2.)(8&+1(&5=;(1A62+8& N67$8$96)8/?O&+)3& /5(&
7.(23&2.)(8&+1(&;(1;()3.9:2+1&/6&/5(>?&W.;62(8&+)3&S:+31:;62(8&+1(&2.)(+1&(2(>()/8%&-5.95&>(+)8&/5+/&
/5(& 561.06)/+2& +)3& /5(& *(1/.9+2& A(/+/16)& 689.22+/.6)8& +1(& 96>;2(/(2=& 3(96:;2(3?& 45(& !+1/(8.+)&
96>;6)()/8&67&/5(&72:B&3()8./=&.)&+)&.3(+2&S:+31:;62(&+1(&)6/&96:;2(3G&/5(&6J96>;6)()/&.)&+&9(1/+.)&
;6.)/& 6)2=& 3(;()38& 6)& /5(& 7J96613.)+/(& +)3& /5(& 7J96>;6)()/& 6)2=& 3(;()38& 6)& /5(& 6J96613.)+/(&
76226-.)<&/5(&1(2+/.6)&&
& &&+)3&& ?&
U./5& /5(& ;62+1./=& 856-)& .)& I.<?& Y& N+O%& /5(& 561.06)/+2& 96>;6)()/& 67& /5(& `61()/0& 7619(& 6)& +&
;68./.*(2=& 95+1<(3& ;+1/.92(& >6*.)<& .)/6& /5(& ;2+)(& 67& /5(& 31+-.)<%& .8& 3.1(9/(3& /6-+138& /5(& +B.8G& /5(&
*(1/.9+2& 96>;6)()/& .8& 3.1(9/(3& +-+=& 716>& /5(& +B.8?& 45.8& 9+8(& /5:8& (B5.A./8& 561.06)/+2& 769:8.)<& +)3&
*(1/.9+2&3(769:8.)<?&
45(&_+226-(3R&5+1>6).98&.)&+)&.3(+2&S:+31:;62(&+1(X&,&[&2%&a%&Vb%&Vc%&???&N[&Y,&;62(&(11618O?&
2.3 Sextupoles  
,(B/:;62(8&9+)&A(&76:)3&.)&9.19:2+1&+99(2(1+/618&+)3&2(88&67/()&.)&/1+)87(1&2.)(8?&45(=&5+*(&8.B&;62(8&67&
16:)3&61& 72+/& 85+;(?&45(.1&>+.)&;:1;68(& .8& /6&9611(9/&9516>+/.9&+A(11+/.6)8X&;+1/.92(8&-5.95&+1(&677J
>6>()/:>&-.22&A(&.)9611(9/2=&769:8(3&.)&/5(&S:+31:;62(8%&-5.95&>(+)8&/5+/&5.<5J>6>()/:>&;+1/.92(8&
-./5& 8/16)<(1& A(+>& 1.<.3./=& -.22& A(& :)3(1J769:8(3%& 86& /5+/& A(/+/16)& 689.22+/.6)& 71(S:()9.(8& -.22& A(&
>63.7.(3?&E&;68./.*(& 8(B/:;62(& 7.(23&9+)&9611(9/& /5.8&(77(9/&+)3&9+)& 1(3:9(& /5(&9516>+/.9./=& /6&0(16%&
A(9+:8(& 677J>6>()/:>& ;+1/.92(8& 9.19:2+/(& -./5& +& 1+3.+2& 3.8;2+9(>()/& -./5& 1(8;(9/& /6& /5(& .3(+2&
/1+C(9/61=&+)3&8((& /5(1(761(&+&9611(9/.)<&7.(23& .)& /5(&8(B/:;62(&+8&856-)&.)&I.<?&\& N+O?&U(&5+*(&+286&
8(()& /5+/& /5(& 7.18/& _+226-(3R& 5+1>6).9& .)& +& 3.;62(& .8& /5(& 8(B/:;62(& 96>;6)()/%& -5.95& 2(+38& /6& +&
1(8:2/.)<&)(<+/.*(&9516>+/.9./=&1(S:.1.)<&96>;()8+/.6)&A=&3.8/.)9/&8(B/:;62(&(2(>()/8?&&&
45(&(S:+/.6)&761&+&)61>+2&N)6)J8D(-O&8(B/:;62(&-./5&.3(+2&;62(8&.8&&
& &
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-5(1(&+&.8&+<+.)&/5(&+;(1/:1(&1+3.:8?&45(&>+<)(/.9&7.(23&*+1.(8&S:+31+/.9+22=&-./5&/5(&3.8/+)9(&716>&/5(&
>+<)(/&9()/1(&+8&6)(&9+)&8((&.)&I.<?&\&N9O?&,(B/:;62(8&+1(&)6)J2.)(+1&(2(>()/8%&-5.95&>(+)8&/5+/&/5(&=J
96>;6)()/& 67& /5(& 72:B& 3()8./=& +/& +& 9(1/+.)& ;6.)/& .)& /5(& +;(1/:1(& 3(;()38& 6)& A6/5& /5(& 6J& +)3& 7J
96613.)+/(%&+)3&.8&3(891.A(3&A=&
& &?&
45(&_+226-(3R&5+1>6).98&.)&+)&.3(+2&8(B/:;62(&+1(X&,&[&\%&d%&V]%&YV???&N[&Y,&;62(&(11618O?&
&
&& && &
Fig. 3:&$61>+2& 8(B/:;62(X& 91688J8(9/.6)& N+O%&YWJ7.(23&3.8/1.A:/.6)& NAO%& +)3& 7.(23&3.8/1.A:/.6)&6)&
/5(&6J+B.8&N9O&
2.4 Octupoles  
K9/:;62(8&+1(&S:./(&1+1(2=&:8(3&+)3&9+)&A(&>+.)2=&76:)3&.)&9622.3(18&+)3&8/61+<(&1.)<8?&E>6)<8/&6/5(1&
;:1;68(8%&/5(=&+1(&:8(3&761&_`+)3+:R&3+>;.)<%&/6&.)/163:9(&+&/:)(J8;1(+3&+8&+&7:)9/.6)&67&/5(&A(/+/16)&
+>;2./:3(%&/6&3(J965(1(&/5(&A(/+/16)&689.22+/.6)8%&+)3&/6&1(3:9(&)6)J2.)(+1&96:;2.)<?&45(&(.<5/&;62(8&67&
+&)61>+2&N)6)J8D(-O&.3(+2&69/:;62(&+8&856-)&.)&I.<?&c&N+O&+)3&NAO&76226-&/5(&(S:+/.6)&
& &?&
&
&& && &
Fig. 4:&$61>+2&69/:;62(X&91688J8(9/.6)&N+O%&YWJ7.(23&3.8/1.A:/.6)&NAO%&+)3&7.(23&3.8/1.A:/.6)&6)&/5(&
6J+B.8&N9O&
45(&7J96>;6)()/&67&/5(&>+<)(/.9&72:B&3()8./=&.)&+)=&;6.)/&67&/5(&+;(1/:1(&9+)&A(&3(891.A(3&A=&
/5(&76226-.)<&1(2+/.6)&
&& ?&
45(&_+226-(3R&5+1>6).98&.)&+)&.3(+2&69/:;62(&+1(X&,&[&c%&VY%&Yb%&Ye???&N[&Y,&;62(&(11618O?&
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2.5 Skew magnets 
,D(-&*(18.6)8&(B.8/&761&+22&67&/5(&+A6*(J3(891.A(3&>+<)(/&/=;(8?&,D(-&>(+)8&+&16/+/.6)&67&/5(&>+<)(/&
+26)<&/5(&26)<./:3.)+2&+B.8&A=&dbf9,%&-5(1(&,&.8&/5(&.)3(B&67&/5(&>+.)&7.(23&96>;6)()/&N.?(?%&,&[&V&761&
3.;62(%&,&[&Y&761&S:+31:;62(%&,&[&\&761&8(B/:;62(O?&#6/+/.)<&2.)(+1&>+<)(/.9&(2(>()/8&2(+38&/6&2688&67&
/5(& A(/+/16)& 3(96:;2.)<?& I.<?& 5& 856-8& +& 8D(-& S:+31:;62(%& /5(& ;:1;68(& 67& -5.95& .8& /6& 96)/162& /5(&
96:;2.)<& 67& 561.06)/+2& +)3& *(1/.9+2& A(/+/16)& 689.22+/.6)8?& H)& +& 8D(-& S:+31:;62(%& +& A(+>& /5+/& .8&
3.8;2+9(3& .)& /5(&561.06)/+2&;2+)(& .8&3(72(9/(3&*(1/.9+22=%& +)3&+&A(+>& /5+/& .8&3.8;2+9(3& .)& /5(&*(1/.9+2&
;2+)(&.8&3(72(9/(3&561.06)/+22=?&
&
& && &&&
Fig. 5:&,D(-&S:+31:;62(X&91688J8(9/.6)&N+O%&YWJ7.(23&3.8/1.A:/.6)&NAO&
2.6 Combined-function magnets 
!6>A.)(3J7:)9/.6)&>+<)(/8&:)./(&8(*(1+2&>+.)&7.(23&96>;6)()/8&.)&6)(&>+<)(/%&(?<?%&+&3.;62(&+)3&+&
S:+31:;62(?&U(&9+)&3.8/.)<:.85&A(/-(()&/-6&/=;(8&67&96>A.)(3J7:)9/.6)&>+<)(/?&
45(8(&+1(&>+<)(/8&-5(1(& /5(&3.77(1()/&7:)9/.6)8&+1(&<()(1+/(3&A=&/5(&8:>&67&89+2+1&;6/()/.+28&
+)3&/5(&85+;(&67&/5(&;62(%&+)3&>+<)(/8&-5(1(&/5(&3.77(1()/&7:)9/.6)8&+1(&<()(1+/(3&A=&8(;+1+/(&96.28&
.)3.*.3:+22=&;6-(1(3?&&
&& &
Fig. 6:&!6>A.)(3J7:)9/.6)&>+<)(/&=6D(&67&/5(&!"#$&F16/6)&,=)9516/16)&
45(&8(96)3&/=;(&.8&67&>.)61&.>;61/+)9(&+)3&86>(/.>(8&:8(3&-5()&2.>./(3&8;+9(&.)&/5(&>+95.)(&
3(>+)38&8;(9.+2&862:/.6)8?&E)&(B+>;2(&67&+&S:+31:;62(&-./5&.)/(<1+/(3&8/((1.)<&96.28&.8&.22:8/1+/(3&.)&
I.<?&^?&K/5(1& /=;(8&96>A.)(&8(B/:;62(8&-./5&8/((1.)<& 7:)9/.6)8&61&S:+31:;62(8&-./5&8(B/:;62(8?&45(&
+3*+)/+<(& 5(1(& .8& /5+/& /5(& +>;2./:3(8& 67& A6/5& 7.(23& 96>;6)()/8& 9+)& A(& +3C:8/(3& .)3(;()3()/2=%& A:/&
67/()&/5(&7.(23&S:+2./=&67&6)(&7:)9/.6)&.8&8.<).7.9+)/2=&1(3:9(3?&H)&/5(&(B+>;2(&856-)%&/5(&3.;62(&7.(23&
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8:77(18&716>&+&8/16)<&8(B/:;62(&96>;6)()/&A(9+:8(&/5(&=6D(&<(6>(/1=&5+8&A(()&/+.261(3&/6&3(*(26;&+&
S:+31:;62(&7.(23?&&
& & &
Fig. 7:&g:+31:;62(&-./5& .)/(<1+/(3&8/((1.)<&96.28X&S:+31:;62(& 7.(23&6)2=& N+O%&3.;62(& 7.(23&6)2=&
NAO%&3.;62(&7.(23&8:;(1.>;68(3&6)&S:+31:;62(&N9O&
E&862:/.6)&/6&9.19:>*()/&/5.8&7.(23&S:+2./=&;16A2(>&.8&856-)&.)&I.<?&e%&-5(1(&8(*(1+2&7:)9/.6)8&
N561.06)/+2& 3.;62(%& *(1/.9+2& 3.;62(%& S:+31:;62(%& 8D(-&S:+31:;62(%& +)3& 8(B/:;62(O& +1(& .)961;61+/(3& .)&
6)(&>+<)(/?&45(&7.(23&3.8/1.A:/.6)&.)&/5.8&9+8(&.8&862(2=&3(/(1>.)(3&A=&/5(&96)3:9/61&<(6>(/1=&+)3&)6/&
A=&.16)&;62(8?&&H)&I.<?&e&N+O&6)2=&/5(&96.28&;16*.3.)<&/5(&561.06)/+2&3.;62(&7.(23&+1(&;6-(1(3%&-5.2(&I.<?&
8&NAO&.22:8/1+/(8&/5(&7.(23&3.8/1.A:/.6)&-5()&+22&>+<)(/.9&7:)9/.6)8&+1(&(B9./(3?&&
&& &
Fig. 8:&$(8/(3&96>A.)(3J7:)9/.6)&9611(9/61X&*(1/.9+2&3.;62(&N+O&+)3&96>A.)(3&7.(23&3.8/1.A:/.6)&NAO&
2.7 Solenoids 
E2/56:<5&862()6.38&+1(&8/1.9/2=&8;(+D.)<&)6/&.16)J36>.)+/(3&>+<)(/8%&/5(=&-.22&A(&A1.(72=&.)/163:9(3&
5(1(& 761& /5(& 8+D(& 67& 96>;2(/()(88?& E& 2(9/:1(& ()/.1(2=& 3(3.9+/(3& /6& 862()6.38& 9+)& A(& 76:)3& .)& /5(8(&
;169((3.)<8?&
,62()6.38& +1(& 1(2+/.*(2=& 8.>;2(& 2()8(8& -./5& +& 7.(23& 91(+/(3& A=& +& 16/+/.6)+22=& 8=>>(/1.9& 96.2?&
I16>&Q+B-(22R8&(S:+/.6)&3.*:&[&b%&/5(&>+<)(/.9&7.(23%&-5.95&.8&;:1(2=&26)<./:3.)+2&.)&/5(&.))(1&;+1/&
67& /5(& 96.2%&>:8/& 96)/+.)& 1+3.+2& 96>;6)()/8& +/& /5(& ()/1+)9(& +)3& +/& /5(& (B./?&U5.2(& ;+1/.92(8&>6*.)<&
(B+9/2=&6)&/5(&+B.8&36&)6/&(B;(1.()9(&+)=&7619(%&/5(&6/5(18&8:77(1&+)&+0.>:/5+2&+99(2(1+/.6)&3:(&/6&/5(&
1+3.+2& 96>;6)()/& -5.2(& ()/(1.)<& +)3& 2(+*.)<& /5(& 2()8?& @(9+:8(& 67& /5(& +0.>:/5+2& >6/.6)& /5(1(& .8& +&
1+3.+2&7619(&.)&/5(&26)<./:3.)+2&7.(23?&45.8&7619(&.8&;16;61/.6)+2&/6&/5(&1+3.+2&3.8/+)9(&716>&/5(&+B.8?&46&
.)91(+8(&/5(&7.(23&9268(&/6&/5(&+B.8&+)3&/6&9+;/:1(&+)3&2.>./& /5(&8/1+=&7.(23%&862()6.3&96.28&+1(&:8:+22=&
8:116:)3(3&A=&+)&.16)&=6D(?&
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3 What do we need to know before starting? 
@(761(&6)(&9+)&()/(1&.)/6&/5(&3(8.<)&67&+&>+<)(/&+22&1(2(*+)/&.)761>+/.6)&-5.95&-.22&5+*(&+)&.)72:()9(&
6)& /5(& 3(8.<)%& 96)8/1:9/.6)%& .)8/+22+/.6)%& +)3& 6;(1+/.6)& 67& /5(& 7:/:1(&>+<)(/& 5+8& /6& A(& ;:/& /6<(/5(1?&
U5+/&/5(&/(1>&_1(2(*+)/R&>(+)8&.8&(B;2+.)(3&.)&/5.8&8(9/.6)&;1(9(3(3&A=&+&A1.(7&3.89:88.6)&+A6:/&<6+28&
.)&>+<)(/&3(8.<)&+)3&>+<)(/&2.7(&9=92(8?&
3.1 Goals in magnet design 
U(&856:23&+2-+=8&D((;& .)&>.)3& /5+/& /5(&<6+2& .)&>+<)(/&3(8.<)& .8& /6&;163:9(&+&3(*.9(&-5.95& .8& C:8/&
4--1$*,-24"&/6&;(1761>&+*)&/;)7&-./5&+&8:77.9.()/&</=*37$=/'3-+&+/&/5(&)->*<3&'-<3&+)3&-,$3&.*$hVi?&&
U5+/& _6)& /.>(R&>(+)8&856:23&A(&6A*.6:8X& .)&;+1/.9:2+1& .)&96>>(19.+2&;16C(9/8%&+&3(2+=& .)& /5(&
8/+1/J:;&67& /5(&6;(1+/.6)&-.22& 1(8:2/& .)& 7.)+)9.+2& 2688(8?&45(&>(+).)<&67& _26-(8/&968/R& 856:23&+286&A(&
92(+1?&U(&-.22&8((&2+/(1&56-&/5(&968/8&9+)&A(&6;/.>.0(3?&@:/&-5+/&36(8&_<663&()6:<5R&>(+)j&K)&(+95&
;16C(9/%& /5(&6A*.6:8&;+1+>(/(18& 8:95&+8&>+<)(/.9& 7.(23%&>+<)(/&+;(1/:1(%&>+<)(/&3.>()8.6)8%&;6-(1&
96)8:>;/.6)%&(/9?&+1(&>61(&61& 2(88&92(+12=&8;(9.7.(3%&A:/& ./& .8& /5(&/62(1+)9(8&6)&/5(8(&;+1+>(/(18& /5+/&
+1(&*(1=&67/()&95+22()<.)<& /6&3(7.)(?&45(=&+1(&+& 7:)9/.6)&67& /5(&(B;(9/(3&>+95.)(&;(1761>+)9(&+)3&
+99(;/+A2(&3(*.+/.6)8&716>&+)&.3(+2&>+95.)(?&H)&/5.8&96)/(B/%&61A./&3.8/61/.6)8%&3=)+>.9&+;(1/:1(%&/:)(&
-.3/5%&+)3&/1+)87(1&(77.9.()9=&96:23&A(&>()/.6)(3%&-5.95&9+)&A(&9+29:2+/(3&+)+2=/.9+22=%&A:/&)6-+3+=8&
/5.8& .8&:8:+22=&36)(&):>(1.9+22=?&$(*(1/5(2(88%& /5(&.)/(1;1(/+/.6)&67& /5(&1(8:2/8& .8&)6/&8/1+.<5/761-+13&
+)3& .)& >+)=& 9+8(8& /5(& /62(1+)9(8& -5.95& +1(& 1(S:(8/(3& A=& /5(& +99(2(1+/61& ;5=8.9.8/8& /()3& /6& A(&
:))(9(88+1.2=& /.<5/?& K*(12=& /.<5/& /62(1+)9(8& 2(+3& /6& .)91(+8(3& 968/8?& E)& ()5+)9(3& 96>>:).9+/.6)&
A(/-(()&/5(&>+<)(/&3(8.<)(1&+)3&/5(&+99(2(1+/61&;5=8.9.8/&+)3&>:/:+2&:)3(18/+)3.)<&9+)&5(2;&/6&862*(&
/5.8&;16A2(>?&&
45(& /(1>&_1(2.+A2=R&A+8.9+22=&>(+)8& /6&<(/& /5(&Q(+)&4.>(&@(/-(()&I+.2:1(8& NQ4@IO&+)3& /5(&
Q(+)&4.>(&46&#(;+.1&NQ44#O&/6&+&1(+86)+A2=&26-&2(*(2?&F16A+A.2./=&/5(61=&+)3&1.8D&+)+2=8.8&+1(&-(22&
(8/+A2.85(3& 761& .)3:8/1.+2& ()<.)((1.)<& +)3&>61(& +)3&>61(& +;;2.(3& )6-&A=& ;5=8.9.8/8&-61D.)<& .)& +)&
(B;(1.>()/+2&()*.16)>()/?&@:/&761&+&)(-&3(8.<)&/5(&1(2.+A.2./=&.8&:8:+22=&:)D)6-)&86&6)(&96:)/8&6)&
/5(& (B;(1.()9(& 67& /5(& >+<)(/& ()<.)((1& /6& 8(+195& 761& +& 96>;16>.8(& A(/-(()& (B/1(>(& 9+:/.6)& +)3&
(B/1(>(&1.8D?&E&3(/+.2(3&3(8.<)&+)+2=8.8&.)&/5(&71+>(-61D&67&+)&(B;(1/&1(*.(-&9+)&A(&5(2;7:2&.)&7.)3.)<&
/5.8&-(22&A+2+)9(3&96>;16>.8(&A(761(&;169((3.)<&-./5&>+<)(/&>+):7+9/:1(?&
45(& 2+8/& /(1>& /6& A(& 96)8.3(1(3& .8& /5(& _8+7(/=& 7+9/61R?& H)& >+)=& ;16C(9/8%& /5(& .)./.+2& 3(8.<)&
;+1+>(/(18&-(1(& 1+.8(3& +7/(1& +& 7(-& =(+18& 67& 6;(1+/.6)?&E;;2=.)<& +& 8+7(/=& 7+9/61& +226-8& 6;(1+/.)<& +&
3(*.9(& :)3(1&>61(& 3(>+)3.)<& 96)3./.6)8& /5+)& /568(& .)./.+22=& 761(8(()& A:/& ./& +286& ;(1>./8& 6;(1+/.)<&
:)3(1&)6>.)+2& 96)3./.6)8&-./5& 2(88&-(+1%& +)3&3(8.<)& 72+-8&+1(& 2(88& 91./.9+2?&,.)9(& 8+7(/=& 7+9/618& +1(&
/=;.9+22=&2.)D(3&/6&+&1.8(&67&;163:9/.6)&968/8%&/5(=&)((3&/6&A(&)(<6/.+/(3&A(/-(()&/5(&;16C(9/&()<.)((1&
+)3&/5(&>+)+<(>()/?&k6-(*(1%&/5(&;.2(:;&67&+1A./1+1=&+)3&1(3:)3+)/&8+7(/=&7+9/618&+/&>:2/.;2(&;16C(9/&
2(*(28&5+8&/6&A(&+*6.3(3&A(9+:8(&./&2(+38&/6&+)&:))(9(88+1=&.)91(+8(&67&968/8?&
3.2 Magnet life cycle 
45(&726-&3.+<1+>&.)&I.<?&d&856-8&/5(&/=;.9+2&2.7(&9=92(&67&+&>+<)(/&716>&/5(&3(8.<)&+)3&96)8/1:9/.6)&
/6&/5(&.)8/+22+/.6)&+)3&6;(1+/.6)&+)3&/6&./8&7.)+2&3.8;68+2&61&3(8/1:9/.6)?&U(&-.22&96)9()/1+/(&>+.)2=&6)&
/5(&;+1/&-5.95&.8&1(2+/(3&/6&3(8.<)&+)3&9+29:2+/.6)?&45.8&;5+8(&9+)&A(&8;2./&:;&.)/6&3.77(1()/&8/(;8&-5.95&
+1(&76226-(3&>61(&61&2(88&8(S:()/.+22=&-./5&;688.A2(&7((3A+9D&266;8&+/&9(1/+.)&8/+<(8?&E/&/5(&A(<.)).)<&
67& (+95& ;16C(9/& /5(& 1(S:.1(>()/8%& 96)8/1+.)/8%& +)3& A6:)3+1.(8& 5+*(& /6& A(& 3(7.)(3?& I16>& /5.8& 8(/& 67&
;+1+>(/(18&+&7.18/&+)+2=/.9&3(8.<)&856:23&A(&3(1.*(3&76226-(3&A=&+&A+8.9&):>(1.9+2&3(8.<)?&E7/(1&(+95&
67& /5(& 8(S:()/.+2& 8/(;8& N(2(9/1.9+2& 3(8.<)%& >(95+).9+2& 3(8.<)%& .)/(<1+/.6)& +88(88>()/%& +)3& 968/&
(8/.>+/.6)O&6)(&61&>61(&1(J./(1+/.6)8&67&/5(&+)+2=/.9&3(8.<)&>.<5/&A(96>(&)(9(88+1=?&K)9(&/5(8(&8/(;8&
3(2.*(1& 8+/.87+9/61=& 1(8:2/8%& +)& +3*+)9(3& ):>(1.9+2& 3(8.<)& .)92:3.)<& 7.(23& 6;/.>.0+/.6)8& 9+)& A(&
2+:)95(3?&
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&Fig. 9:&Q+<)(/&2.7(&9=92(&
3.3 Input parameters  
H/& .8&(88()/.+2& /6& 1(+2.0(& /5+/&+&>+<)(/& .8&)6/&+&8/+)3J+26)(&3(*.9(?&4516:<56:/& ./8& 2.7(%&+&>+<)(/&5+8&
*+1.6:8&.)/(1+9/.6)8&-./5&6/5(1&3(*.9(8&+)3&8(1*.9(8?&45(8(&.)/(1+9/.6)8&5+*(&/6&A(&7:22=&96)8.3(1(3&.)&
/5(&3(8.<)&;5+8(&+)3&/5(&>+<)(/&3(8.<)(1&9+228&6)&5.8&(B;(1.()9(&/6&()8:1(&/5+/&)6/5.)<&.8&761<6//()?&
H<)61.)<& 6)(& 67& /5(& D(=& +8;(9/8&>+=& 1(8:2/& .)& .>;2(>()/.)<& 3.77.9:2/&>63.7.9+/.6)8& 6)& /5(& 7.).85(3&
;163:9/?&45(&>+.)& .)/(1+9/.6)& ;+1/)(18& +1(& 8:>>+1.0(3& .)&I.<?& Vb?& ,6>(&67& /5(>& 2.D(& A(+>&6;/.98%&
;6-(1& 96)*(1/(18%& +)3& 9662.)<& +1(& 6A*.6:8& +)3& /5(1(761(& +2-+=8& /+D()& .)/6& +996:)/& 716>& /5(&
A(<.)).)<?&K/5(18%&8:95&+8&*+9::>%&8:1*(=%&+)3&.)/(<1+/.6)&+1(&67/()&96)8.3(1(3&.)&+&2+/(1&8/+<(&67&/5(&
;16C(9/& A:/& 86>(/.>(8& /66& 2+/(%& /5:8& 96>;2.9+/.)<& /5(& 2.7(& 67& /5(& .)*62*(3& ;+1/.(8& :))(9(88+1.2=?&
"B+>;2(8&67&;+1/)(18&-5.95&+1(&>68/&2.D(2=&/6&A(&761<6//()&+1(&8+7(/=&+)3&/1+)8;61/%&-./5&/5(&1(8:2/&/5+/&
8:A8/+)/.+2& +)3& (B;()8.*(& ()<.)((1.)<& >63.7.9+/.6)& >.<5/& A(96>(& )(9(88+1=& .)& 613(1& /6& .)8/+22& 61&
6;(1+/(&+&>+<)(/&8+7(2=?&E&<663&+)3&1(<:2+1&96>>:).9+/.6)&-./5&+22&;6/()/.+2&;+1/)(18&716>&/5(&*(1=&
8/+1/&67&/5(&;16C(9/&+)3&+&92(+1&3(7.)./.6)&67&/5(&.)/(17+9(8&9+)&5(2;&/6&+*6.3&8:95&.88:(8?&&
H/& .8& <663& ;1+9/.9(& /6& 96)/+9/& /5(& 1(8;6)8.A2(& ;+1/)(18%& 9622(9/& +22& )(9(88+1=& .)761>+/.6)%&
:)3(18/+)3& /5(& 1(S:.1(>()/8%& 96)8/1+.)/8& +)3& .)/(17+9(8%& +)3& 8:>>+1.0(& /5(>& .)& +& 7:)9/.6)+2&
8;(9.7.9+/.6)& /6&A(&7.)+22=&+;;16*(3&A=&(+95&67& /5(& .)*62*(3&;+1/.(8&A(761(&8/+1/.)<& /5(&+9/:+2&3(8.<)&
-61D?&
&
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&Fig. 10:&Q+<)(/&.)/(1+9/.6)&;+1/)(18&
45(&76226-.)<&;+1+<1+;5&856:23&<.*(&+&<()(1+2&.3(+&67&;688.A2(&1(S:.1(>()/8&+)3&5(2;&/6&8(/&:;&
+& 95(9DJ2.8/& 67& .)761>+/.6)& +& >+<)(/& 3(8.<)(1& >.<5/& )((3& /6& A1.)<& /6<(/5(1& 761& 91(+/.)<& +&
96>;1(5()8.*(&>+<)(/&3(8.<)?&
3.3.1 General requirements 
I.18/& 67& +22& /5(&>+<)(/& /=;(& N3.;62(%& S:+31:;62(%& 8(B/:;62(%& 69/:;62(%& 96>A.)(3J7:)9/.6)%& 862()6.3%&
(/9?O&+)3& ./8&>+.)&;:1;68(& NA()3.)<%& 8/((1.)<%&95+1<(&8/+<(&8(;+1+/.6)%&(/9?O&)((3& /6&A(&3(7.)(3?& H/& .8&
+286& .>;61/+)/& /6& D)6-&-5(1(& /5(&>+<)(/& .8& 761(8(()& /6& A(& .)8/+22(3?& H/&>+D(8& +& 3.77(1()9(& 761& /5(&
;(1761>+)9(&67&+&>+<)(/&-5(/5(1& ./&-.22&A(& .)8/+22(3& .)&+&8/61+<(&1.)<%&+&8=)9516/16)& 2.<5/&86:19(%&+&
9622.3(1%& +& ;1(J+99(2(1+/61%& 61& .)& +& A(+>& /1+)8;61/& 2.)(?& 45(& /62(1+)9(8& 6)& 8/61+<(& 1.)<&>+<)(/8& +1(&
<()(1+22=&>61(& 3(>+)3.)<& /5+)& 6)& +99(2(1+/618%& A(9+:8(& /5(& ;5+8(& 8;+9(8& 67& /5(& A(+>8& 5+*(& /6& A(&
>+.)/+.)(3& 761&>+)=& 1(*62:/.6)8?& H/& +286&>+D(8& 8()8(& /6& 3.89:88& /5(& 8;+1(8& ;62.9=&-./5& /5(& ;16C(9/&
>+)+<(>()/&+/&/5.8&8/+<(?&46&761(8((&+&9(1/+.)&):>A(1&N/=;.9+22=&VblO&67&8;+1(&:)./8&+)3&>+):7+9/:1(&
/5(>&/6<(/5(1&-./5&/5(&:)./8&/6&A(&.)8/+22(3&5(2;8&/6&1(3:9(&61&+*6.3&36-)J/.>(&.)&/5(&9+8(&67&+&>+<)(/&
7+.2:1(&+)3&/6&8+*(&>6)(=&+/&/5(&8+>(&/.>(?&,;+1(&>+<)(/8&-5.95&+1(&;163:9(3&+7/(1-+138&61&.)&+&9+8(&
67&:1<()9=&+1(&.)(*./+A2(&>:95&>61(&(B;()8.*(?&
3.3.2 Performance requirements 
46&8/+1/&-./5&/5(&.)./.+2&3(8.<)&-61D%&+&>+<)(/&3(8.<)(1&)((38&/6&D)6-&+/&2(+8/&/5(&A+8.9&;(1761>+)9(&
;+1+>(/(18%&-5.95&+1(&/=;.9+22=&;16*.3(3&A=&/5(&+99(2(1+/61&;5=8.9.8/8X&
Z @(+>&;+1+>(/(18X& /=;(&67&A(+>& N>+88&+)3&95+1<(& 8/+/(O%& ()(1<=& 1+)<(&+)3&3(72(9/.6)&
+)<2(&N(J*+2:(&.)&9+8(&67&S:+31:;62(8O?&
Z Q+<)(/.9& 7.(23X& .)/(<1+/(3& 7.(23& N61& .)/(<1+/(3& <1+3.()/& .)& 9+8(& 67& S:+31:;62(8OG&
+2/(1)+/.*(2=&/5(&269+2&7.(23&N<1+3.()/O&+)3&>+<)(/.9&2()</5&9+)&A(&3(7.)(3?&
Z E;(1/:1(X& ;5=8.9+2& N>(95+).9+2O& +;(1/:1(& +)3& :8(7:2& >+<)(/.9& +;(1/:1(& N_<663& 7.(23&
1(<.6)RO?&
Z K;(1+/.6)& >63(X& 96)/.):6:8& 6;(1+/.6)%& ;:28(3J/6& ;:28(& >63:2+/.6)%& 7+8/& ;:28(3%&
3(7.)./.6)&67&/5(&>+<)(/.9&9=92(&N+)&(B+>;2(&.8&856-)&.)&I.<?&VVO&+)3&1+>;&1+/(8?&
&
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&Fig. 11:&Q+<)(/.9&9=92(&
Z I.(23& S:+2./=X& 1(S:.1(>()/8& 6)& 7.(23& 56>6<()(./=& N:).761>./=O%& /5(& +226-(3& 5+1>6).9&
96)/()/%& 1(S:.1(>()/8& 6)& 8/+A.2./=& +)3& 1(;163:9.A.2./=%& >+B.>:>& 8(//2.)<& /.>(& N/.>(&
96)8/+)/O&761&/1+)8.()/&(77(9/8&<()(1+/(3&A=&(33=&9:11()/8?&E&8.>;2(&A:/&2:9.3&>(/563&/6&
C:3<(&/5(&7.(23&S:+2./=&67&+&>+<)(/&.8&/6&;26/&/5(&56>6<()(./=&67&/5(&7.(23&61&/5(&<1+3.()/&
+26)<& /5(& A6:)3+1=& 67& /5(& 3(7.)(3& <663& 7.(23& 1(<.6)?& E95.(*.)<& /5(& 76226-.)<&
56>6<()(./=&*+2:(8&.8&1(+86)+A2(&A:/&)(*(1/5(2(88&95+22()<.)<?&&
&
W.;62(X&& &&
g:+31:;62(X& & &
,(B/:;62(X& & &
3.3.3 Physical requirements 
H>;61/+)/&761&/5(&>(95+).9+2&2+=6:/&P&-5.95&.8&67&96:18(&+2-+=8&2.)D(3&/6&/5(&>+<)(/.9&2+=6:/&P&.8&
/6& .)3()/.7=& -5(/5(1& <(6>(/1.9& A6:)3+1.(8& 61& 96)8/1+.)/8& (B.8/?& 45.8& 9+)& A(& (./5(1& +& 2.>./& .)& /5(&
+*+.2+A2(&8;+9(& .)& /5(&+99(2(1+/61&61& /5(&A(+>&2.)(%&+& /1+)8;61/& 2.>./+/.6)& 2.D(& /5(&>+B.>:>&+226-(3&
95+1<(& 67& +)& (B.8/.)<& 91+)(& 61& +& -(.<5/& 2.>./+/.6)& 67& /5(& 8:;;61/.)<& <16:)3?& & H)& ;+1/.9:2+1%& /5(&
+99(88.A.2./=& 67& /5(& .)8/+22(3&>+<)(/& 856:23& A(&>()/.6)(3& 5(1(?&E&>+<)(/& 3(8.<)(1& 5+8& )6/& 6)2=& /6&
+88:1(&/5+/&/5(&>+<)(/&9+)&A(&/1+)8;61/(3&/6&./8&;68./.6)&.)&/5(&>+95.)(%&A:/&5(&5+8&+286&/6&/+D(&9+1(&
/5+/&8:77.9.()/&8;+9(&+16:)3&/5(&>+<)(/&.8&+*+.2+A2(&/6&5+)32(&/5(&(2(9/1.9+2&+)3&5=31+:2.9&96))(9/.6)8&
+)3&/6&+226-&:)1(8/1.9/(3&+99(88&/6&/5(&1(7(1()9(&/+1<(/8&86&/5+/&/5(&8:1*(=&<16:;&9+)&+2.<)&/5(&>+<)(/&
+99:1+/(2=&.)&./8&7.)+2&;68./.6)?&
3.3.4 Interfaces 
45(&.)/(1+9/.6)&67&/5(&>+<)(/&-./5&6/5(1&(S:.;>()/&2.D(&;6-(1&96)*(1/(18%&9662.)<&.)71+8/1:9/:1(%&+)3&
*+9::>&8=8/(>8&.8&S:./(&6A*.6:8%&A:/&.8&)(*(1/5(2(88&1(;(+/(3&5(1(%&8.)9(&+&92(+1&96>>:).9+/.6)&+)3&+&
>:/:+2& :)3(18/+)3.)<& A(/-(()& /5(& .)*62*(3& <16:;8& .8& (88()/.+2& /6& +*6.3& +)=& >.8.)/(1;1(/+/.6)& 61&
6*(18.<5/?&H/&.8&.>;61/+)/&/6&>+D(&96)/+9/&-./5&/5(8(&<16:;8&.)&+)&(+12=&;5+8(&67&/5(&3(8.<)&;169(88&/6&
92(+12=&3(7.)(&/5(&.)/(17+9(8&+)3&/6&+*6.3&3(*(26;.)<&(S:.;>()/&.)&3.*(1<.)<&3.1(9/.6)8?&H)&/5.8&96)/(B/&
+)&(B+>;2(&-6:23&A(&+&7+8/J;:28(3&;6-(1&96)*(1/(1&/5+/&9+))6/&A(&>+/95(3&/6&/5(&.)3:9/+)9(&67& /5(&
>+<)(/?&E)6/5(1&(B+>;2(&-6:23&A(&+&mk&*+9::>&8=8/(>&1(S:.1.)<&.)&8./:&A+D(J6:/%&A:/&/5(&>+<)(/&
+;(1/:1(&36(8&)6/&/5()&+226-&.)8/+22.6)&67&8:95&(S:.;>()/?&&
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45(&.)/(17+9(8&/6&/5(&76226-.)<&(S:.;>()/&>:8/&A(&:)+>A.<:6:82=&3(7.)(3X&
Z F6-(1&96)*(1/(1X&>+B.>:>&9:11()/%&>+B.>:>&*62/+<(%&6;(1+/.6)&>63(&N;:28(3&61&39O%&
>+B.>:>& #Q,& 9:11()/%& 1(S:.1(>()/8& 6)& 8/+A.2./=& +)3& 1(;163:9.A.2./=& N>.).>:>&
9:11()/O%&;688.A2(&96)/162&8/1+/(<.(8& N7((3JA+9D%& 7((3J761-+13O%&>+B.>:>&9:11()/& 1+>;&
1+/(8?&
Z !662.)<X& +*+.2+A2(& 9662.)<& ;6-(1%&>+B.>:>& 726-& 1+/(%&>+B.>:>& +*+.2+A2(& ;1(88:1(%&
-+/(1& S:+2./=& N8((& ,(9/.6)& c?a?aO%& 9.19:./& /=;(& N+2:>.).:>& 61& 96;;(1O%& -+/(1& .)2(/&
/(>;(1+/:1(%&/(>;(1+/:1(&8/+A.2./=?&
Z n+9::>& 8=8/(>X& 8.0(& 67& *+9::>& 95+>A(1%& -+22& /5.9D)(88& +)3& >+/(1.+2& ;16;(1/.(8& /6&
(*+2:+/(& ;6/()/.+2& (33=& 9:11()/& .88:(8& N6)2=& 761& ;:28(3& >+<)(/8O%& 1(S:.1(3& 8;+9(& 761&
;:>;.)<&;61/8&+)3&A+D(J6:/&8=8/(>%&+&9+;/.*(&*+9::>&95+>A(1&1(S:.1.)<&6;().)<&/5(&
>+<)(/?&
E;+1/&716>&/5(&+A6*(J>()/.6)(3&;6.)/8%&+&>+<)(/&>+=&.)/(1+9/&-./5&6/5(1&(S:.;>()/&1(2+/(3&/6&
A(+>&3.+<)68/.98&+)3&>6)./61.)<%&.)C(9/.6)&+)3&(B/1+9/.6)%&#I&+)3&96)/162%&/6&)+>(&C:8/&+&7(-?&
3.3.5 Environmental aspects 
,.)9(& ()*.16)>()/+2& +8;(9/8& +1(& )6/& +2-+=8& (*.3()/2=& 1(2+/(3& /6& /5(& ;(1761>+)9(& 67& +&>+<)(/%& /5(=&
67/()&36)R/&<(/&/5(&3(8(1*(3&+)3&)(9(88+1=&+//()/.6)?&!6)8(S:()/2=%&3(8.<)(18&+)3&()<.)((18&5+*(&/6&A(&
(B;2.9./2=& +8D(3& /6& /+D(& 9+1(& /5+/& /5(8(& +8;(9/8& +1(& 96)8.3(1(3& +)3& 1(8;(9/(3& .)& /5(&>+<)(/& 3(8.<)?&
$(<2(9/.)<& 8:95& +8;(9/8& 9+)& 2(+3& /6& 8(1.6:8& ;(1761>+)9(& ;16A2(>8&-./5& /5(&>+<)(/& 61& 8:116:)3.)<&
(S:.;>()/?&#(>(3.(8&761&8:95&;16A2(>8&+1(&67/()&96>;2.9+/(3&+)3&968/2=?&H)&86>(&1+1(&9+8(&-5(1(&./&
.8&.>;688.A2(&/6&7.)3&+&8:./+A2(&862:/.6)&/5.8&)(<2.<()9(&9+)&(*()&;:/&/5(&-562(&;16C(9/&.)/6&C(6;+13=?&
,.)9(& /5.8& 7.(23& 96*(18& +&-.3(& 8;(9/1:>&+)3&3(;()38&6)&>+)=&;+1+>(/(18%& ./& .8& .>;688.A2(& /6&
;1(8()/&+&:).*(18+2&+)3&(B5+:8/.*(&2.8/&67&+22&;6/()/.+2&1.8D8%&(*()/:+2./.(8&+)3&3+)<(18?&45(&769:8&.8&;:/&
6)&/5(&>68/&96>>6)&.88:(8%&A:/&./&5+8&/6&A(&:)3(18/663&/5+/&./&.8&/5(&92(+1&1(8;6)8.A.2./=&67&+&>+<)(/&
3(8.<)(1&61&()<.)((1&/6&266D&A(=6)3&/5(&.88:(8&8/+/(3&5(1(%&/6&91./.9+22=&+)+2=8(&/5(&()*.16)>()/&+)3&/6&
.3()/.7=&+)3&;6.)/&6:/&+22&;688.A2(&1.8D8&-5.95&96:23&()3+)<(1&/5(&9611(9/&;(1761>+)9(&67&/5(&>+<)(/&
61& /5(& 8:116:)3.)<& ()*.16)>()/?& H/& 9+)& A(& 5(2;7:2& 761& 8:95& +)& +)+2=8.8& /6& A(+1& .)& >.)3& /5+/& /5(&
.)/(1+9/.6)8& +1(& 67/()& A.J3.1(9/.6)+2?& 45.8& >(+)8& /5+/& /5(& >+<)(/& 9+)& 5+*(& +)& .)72:()9(& 6)& /5(&
()*.16)>()/%&A:/&/5(&()*.16)>()/&9+)&+286&5+*(&+)&.)72:()9(&6)&/5(&>+<)(/?&45(&76226-.)<&(B+>;2(8&
8(1*(&/6&.22:8/1+/(&/5.8&;1.)9.;2(X&
!*.?*+/32+*X& (2(*+/(3& ()*.16)>()/+2& /(>;(1+/:1(8& 9+)& .)72:()9(& /5(& 3(-J;6.)/& 8:95& /5+/&
96)3()8+/.6)& +;;(+18& 6)& /5(& 8:17+9(& 67& -+/(1J9662(3& 96.28?& K)& /5(& 6/5(1& 5+)3& /5(& +>6:)/& 67& 5(+/&
3.88.;+/(3& 716>& /5(& >+<)(/& .)/6& /5(& /:))(2& 9+)& A(& 86& 2+1<(& /5+/& ./& (B9((38& /5(& 9+;+A.2./=& 67& /5(&
*()/.2+/.6)&8=8/(>&+)3&9+))6/&A(&1(>6*(3&716>&/5(&/:))(2%&9+:8.)<&/5(&/(>;(1+/:1(&/6&1.8(?&&
@-,&A&,4$+/1&/3&-,X&.8&+&8;(9.7.9&8:AC(9/&/5+/&1(S:.1(8&8;(9.+2&+//()/.6)&N+)3&-5.95&.8&A(=6)3&/5(&
896;(& 67& /5.8& 2(9/:1(O?& H& -6:23& C:8/& 2.D(& /6&>()/.6)& /5(& )((3& /6& 8(2(9/& 1+3.+/.6)J5+13&>+/(1.+28& +)3&
96>;6)()/8& 761& +99(2(1+/61&>+<)(/8& (B;68(3& /6& 5.<5& 1+3.+/.6)& 2(*(28?& 45(& 6;(1+/.6)& 67&>+<)(/8& .)&
8:95&+)&()*.16)>()/&+286&9+228&761&+&3(3.9+/(3&3(8.<)&+226-.)<&7+8/&1(;+.1&61&1(;2+9(>()/%&.)&613(1&/6&
1(3:9(&/5(&5:>+)&.)/(1*()/.6)&/.>(&/6&+&>.).>:>?&&&
B)*'3+-./4,*3&'$ '-.?/3&;&)&37X& >+<)(/.9& 71.)<(& 7.(238& (>.//(3& 716>& /5(& >+<)(/8& 9+)& 3.8/:1A&
)(+1A=&(S:.;>()/%&8:95&+8&8()8./.*(&A(+>&3.+<)68/.9&3(*.9(8%&-5.2(&8:116:)3.)<&(S:.;>()/&>+3(&67&
>+<)(/.9&>+/(1.+2&9+)&3.*(1/&;+1/&67&/5(&>+<)(/.9&72:B&+)3&86&269+22=&;(1/:1A&/5(&7.(23&S:+2./=?&&
C/=*37$/<?*'3<$/)<-$"/D*$3-$;*$<**,$&,$3"&<$;&01&+*'3&-,/)$>/7X&96*(18&;16/(9/& /5(&>+<)(/&716>&
(77(9/8&67&/5(&()*.16)>()/&N3:8/%&+99.3()/+2&-+/(1&96)/+9/O%&A:/&/5(=&+286&;16/(9/&/5(&()*.16)>()/&716>&
5+0+138&;6/()/.+22=&<()(1+/(3&A=&/5(&>+<)(/&N(2(9/169:/.6)%&A:1).)<&716>&56/&;+1/8O?&
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4+A2(&V&A1.(72=&8:>>+1.0(8&/5(&+8;(9/8&-5.95&5+*(&A(()&3.89:88(3&.)&3(/+.2&+A6*(?&
Table 1:&&E8;(9/8&/6&A(&96)8.3(1(3&A=&/5(&>+<)(/&3(8.<)(1&&
'()(1+2&1(S:.1(>()/8&
Q+<)(/&/=;(&+)3&;:1;68(&
E;;2.9+/.6)&
g:+)/./=&
F(1761>+)9(&1(S:.1(>()/8&
@(+>&;+1+>(/(18&
I.(23&1(S:.1(>()/8&
Q+<)(/&+;(1/:1(&
K;(1+/.6)&>63(&
F5=8.9+2&1(S:.1(>()/8& '(6>(/1.9&A6:)3+1.(8&E99(88.A.2./=&
H)/(17+9(8&
F6-(1&96)*(1/(1&
!662.)<&
n+9::>&
")*.16)>()/+2&+8;(9/8&
4(>;(1+/:1(&
H6).0.)<&1+3.+/.6)&
"2(9/16>+<)(/.9&96>;+/.A.2./=&
,+7(/=&
4 Basic analytical design  
@(761(&()/(1.)<& .)/6&+)&(B/()8.*(&+)3&3(/+.2(3& /-6J&61& /51((J3.>()8.6)+2&>+<)(/.9& 7.(23&8/:3=&:8.)<&
*+1.6:8&+*+.2+A2(&867/-+1(&;+9D+<(8&+226-.)<&/5(&9+29:2+/.6)&67&7.(23&3.8/1.A:/.6)&+)3&7.(23&S:+2./=&67&
96>;2(B&>+<)(/.9&+88(>A2.(8%&+&A+8.9&+)+2=/.9&+)3&96)9(;/:+2&3(8.<)&.8&)(9(88+1=?&,:95&+)&+;;16+95&
-.22&+226-&6)(&/6&3(1.*(&/5(&>68/&.>;61/+)/&95+1+9/(1.8/.98&+)3&;+1+>(/(18&67&/5(&7:/:1(&>+<)(/&-./5&+&
1(2+/.*(2=&<663&+99:1+9=&+)3&5(2;&6)(&/6&7.)3&+&1(+86)+A2(&8/+1/.)<&;6.)/&761&/5(&):>(1.9+2&3(8.<)&-61D&
N+8&-(22&+8&/5(&6;/.98&3(8.<)O&+)3&/5:8&1(3:9(&/5(&):>A(1&67&3(8.<)&./(1+/.6)8?&&
E&>+<)(/&.8&+)&+88(>A2=&67&3.77(1()/&96>;6)()/8?&I.<?&12&856-8&+&/=;.9+2&)61>+2J96)3:9/.)<%&
.16)J36>.)+/(3&(2(9/16>+<)(/&P&.)&/5.8&9+8(&+&S:+31:;62(&P&+)3&./8&>+.)&96>;6)()/8X&/5(&>+<)(/.9&
9.19:./%&/5(&(B9./+/.6)&96.28%&/5(&9662.)<&9.19:./%&/5(&+2.<)>()/&/+1<(/8%&/5(&8()8618&+)3&.)/(1269D&3(*.9(8%&
(2(9/1.9+2&+)3&5=31+:2.9&96))(9/.6)8%&+)3&/5(&>+<)(/&8:;;61/?&&
 
&
Fig. 12:&Q+<)(/&>+.)&96>;6)()/8&
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45(&76226-.)<&8(9/.6)8&-.22&(B;2+.)&56-&/6&3(8.<)&/5(&>+<)(/.9&9.19:./&+)3&/5(&96.28&+)3&56-&/6&
3.>()8.6)&/5(&9662.)<&9.19:./8?&45(&6/5(1&96>;6)()/8&-.22&)6/&A(&3.89:88(3&5(1(&8.)9(& /5(=&5+*(&)6&
3.1(9/&.)72:()9(&6)&/5(&>+<)(/&;(1761>+)9(&+)3&+1(&1+/5(1&;+1/&67&/5(&>(95+).9+2&3(8.<)?&&
4.1 Dipole yoke design 
45(&7.18/&8/(;&.8&/6&3(1.*(&/5(&<(6>(/1=&67&/5(&>+<)(/.9&9.19:./&61&>+<)(/&=6D(?&45.8&>(+)8&-(&5+*(&/6&
/1+)82+/(&/5(&A(+>&6;/.98&1(S:.1(>()/8&.)/6&+&>+<)(/.9&3(8.<)&3(7.).)<&/5(&=6D(&95+1+9/(1.8/.98&8:95&+8&
/5(&>+<)(/.9&.)3:9/.6)%&/5(&+;(1/:1(&8.0(%&+)3&/5(&>+<)(/&(B9./+/.6)&N+>;(1(J/:1)8O?&
4.1.1 Beam rigidity 
E&<663&8/+1/.)<&;6.)/&/6&3(7.)(&/5(&)(9(88+1=&>+<)(/.9&.)3:9/.6)&.8&/6&3(/(1>.)(&/5(&A(+>&1.<.3./=&+8&+&
7:)9/.6)&67&/5(&;+1/.92(&/=;(&+)3&/5(&()*.8+<(3&A(+>&()(1<=?&45(&A(+>&1.<.3./=&:?&.)&h4>i&3(891.A.)<&
/5(&8/.77)(88&67&+&A(+>&9+)&A(&8(()&+8&/5(&1(8.8/+)9(&67&+&;+1/.92(&A(+>&+<+.)8/&+&95+)<(&67&3.1(9/.6)&
-5()&+;;2=.)<&+&A()3.)<&7619(&+)3&.8&3(7.)(3&+8&
&
& & NVO&
-5(1(&E&.8&/5(&;+1/.92(&95+1<(&):>A(1&.)&h!%&96:26>Ai%&'&.8&/5(&8;((3&67&2.<5/&.)&h>o8i%&!&.8&/5(&D.)(/.9&
A(+>&()(1<=&.)&h(ni%&+)3&BF&.8&/5(&;+1/.92(&1(8/&>+88&()(1<=&.)&h(ni&-5.95&.8&b?]V&Q(n&761&(2(9/16)8&
+)3&d\e&Q(n&761&;16/6)8?&
4.1.2 Magnetic induction 
I16>& /5(& A(+>& 1.<.3./=& +)3& /5(& +88:>(3& A()3.)<& 1+3.:8& 67& /5(&>+<)(/8& -(& 9+)& 9+29:2+/(& /5(& 72:B&
3()8./=&61&>+<)(/.9&.)3:9/.6)V&:&.)&h4i&761&+&3.;62(&>+<)(/&
&
& & NYO&
-./5&+G&A(.)<&/5(&>+<)(/&A()3.)<&1+3.:8&.)&h>i?&
4.1.3 Aperture size 
45(&+;(1/:1(&8.0(&67&+&>+<)(/&+8&;1(8()/(3&.)&I.<?&V\&.8&>68/2=&3(/(1>.)(3&A=&+&9()/1+2&1(<.6)&+16:)3&
/5(&/5(61(/.9+2&A(+>&/1+C(9/61=?&45.8&1(<.6)&.8&1(7(11(3&/6&+8&_<663&7.(23&1(<.6)R&+)3&3(7.)(8&/5(&1(<.6)&
-5(1(& /5(& 7.(23& S:+2./=& 5+8& /6& A(& -./5.)& 9(1/+.)& /62(1+)9(8?& 45(& <663& 7.(23& 1(<.6)& 9+)& A(& 9.19:2+1%&
1(9/+)<:2+1%&61&(22.;/.9+2%&+)3&/+D(8&.)/6&+996:)/&/5(&>+B.>:>&A(+>&8.0(&+8&-(22&+8&+&9(1/+.)&>+1<.)&
761&9268(3&61A./&3.8/61/.6)8&N]ZVb&>>O?&
45(&>+B.>:>&A(+>&8.0(&9+)&A(&9+29:2+/(3&-./5&/5(&5(2;&67&"S?&N\O&-5.95&/+D(8&.)/6&+996:)/&/5(&
2+//.9(& 7:)9/.6)8& NA(/+& 7:)9/.6)8&?& +)3&3.8;(18.6)&HO%& /5(&<(6>(/1.9+2& /1+)8*(18(&(>.//+)9(8&?%&-5.95&
+1(&()(1<=&3(;()3()/&+)3&/5(&>6>()/:>&8;1(+3& &&
&
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
V&'()(1+22=&8;(+D.)<&:&5+8&/6&A(&+&*(9/61?&I61&6:1&;:1;68(&./&.8&8:77.9.()/&+)3&9611(9/&/6&+88:>(&/5+/&6)2=&/5(&>+.)&7.(23&
96>;6)()/&.)&/5(&7J3.1(9/.6)&.8&;1(8()/%&86&:&9+)&A(&-1.//()&+8&+&89+2+1?&E)+26<6:8&96)8.3(1+/.6)8&9+)&A(&>+3(&761&
S:+31:;62(8&+)3&8(B/:;62(8?&
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& &?& N\O&
I61&/5(&A(+>&()*(26;(%&+&7(-&8.<>+&+1(&/=;.9+22=&+88:>(3?&45(&2+1<(8/&A(+>&8.0(8&9+)&:8:+22=&
A(&(B;(9/(3&+/&.)C(9/.6)&()(1<=?&45(&/6/+2&1(S:.1(3&+;(1/:1(&8.0(&.8&/5(&8:>&67&/5(&<663&7.(23&1(<.6)%&/5(&
*+9::>&95+>A(1&/5.9D)(88&Nb?\ZY&>>O&+)3&+&>+1<.)&761&.)8/+22+/.6)&+)3&+2.<)>()/&NbZ]&>>O?&
&
Fig. 13: W(7.).)<&/5(&+;(1/:1(&8.0(&
F2(+8(&)6/(&/5+/&/5(&):>A(18&.)&;+1()/5(8(8&+1(&/=;.9+2&*+2:(8&761&8=)9516/16)8&+)3&+1(&>(+)/&/6&
<.*(& +)& .)3.9+/.6)& 761& /5(& 613(1& 67& >+<)./:3(?& W(;()3.)<& 6)& /5(& .)3.*.3:+2& 9+8(& /5(=& 9+)& A(&
8.<).7.9+)/2=&3.77(1()/&716>&/5(&S:6/(3&):>A(18?&
4.1.4 Excitation current 
T)6-.)<& /5(&+;(1/:1(&67& /5(&>+<)(/&-(&9+)&96)/.):(& /6&9+29:2+/(& /5(&(B9./+/.6)&9:11()/& .)& /5(&96.28&
1(S:.1(3&/6&31.*(&/5(&3(8.1(3&7.(23&8/1()</5?&
E>;(1(R8&2+-& & &
+)3& &
+)3& &
2(+38&/6&& & && NcO&
-5()&-(&.)/(<1+/(&:&+26)<&+&9268(3&;+/5&+8&856-)&.)&I.<?&Vc&+)3&+88:>(&/5+/&:&1(>+.)8&96)8/+)/&+26)<&
/5.8&;+/5?&&
&
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&
Fig. 14:&!268(3&.)/(<1+/.6)&;+/5&.)&+&3.;62(&>+<)(/&
45(&<+;&5(.<5/&.8&.)3.9+/(3&A=&"&+)3&/5(&>(+)&72:B&;+/5&.)&/5(&.16)&9.19:./&A=&??&E8&26)<&+8&/5(&
.16)&.8&)6/&8+/:1+/(3&-(&9+)&7:1/5(1&+88:>(&/5+/&
&&
& &
8:95&/5+/&"S?&NcO&9+)&A(&8.>;2.7.(3&/6&
&
& & N]O&
-5(1(&"&.8&/5(&>+<)(/&<+;&5(.<5/&.)&h>i%&I$.8&/5(&>+<)(/.9&7.(23&*(9/61&.)&hEo>i%&?&.8&/5(&(77.9.()9=&
N/=;.9+22=& ddlO%& JF$ .8& /5(& ;(1>(+A.2./=& 67& 71((& 8;+9(& Nc?& VbJ^& hn8oE>iO%& +)3& J+& .8& /5(& 1(2+/.*(&
;(1>(+A.2./=& NJ+.1& [& V& +)3&J.16)& p& Vbbb& .7& )6/& 8+/:1+/(3O?&$6/(& /5+/& "S?& N]O& .8& 6)2=& +;;16B.>+/(& +)3&
)(<2(9/8&71.)<(&7.(238&+)3&.16)&8+/:1+/.6)?&
4.1.5 Reluctance and efficiency 
H)&+)+26<=&/6&K5>R8&2+-%&6)(&9+)&3(7.)(&/5(&_1(8.8/+)9(R&67&+&>+<)(/.9&9.19:./%&9+22(3&_1(2:9/+)9(R%&+8&
& & NaO&
-./5&?&.)3.9+/.)<&/5(&>+<)(/.9&72:B&.)&hUAi%&)G$/5(&72:B&;+/5&2()</5&.)&/5(&.16)&;+1/&.)&h>i&+)3&KG&/5(&
.16)&91688J8(9/.6)&;(1;()3.9:2+1&/6&/5(&72:B&.)&h>Yi?&
45(&8(96)3&/(1>&N O&.)&"S?&c&.8&9+22(3&_)61>+2.0(3&1(2:9/+)9(R&67&/5(&=6D(?&&
H7&-(&+1(&)6/&9+1(7:2&()6:<5&-./5&6:1&3(8.<)&-(&9+)&91(+/(&>61(&61&2(88&8+/:1+/(3&+1(+8&.)&/5(&
.16)& =6D(?& ,+/:1+/.6)& >(+)8& +& 269+2& 3(91(+8(& 67& /5(& .16)& ;(1>(+A.2./=& N8>+22& J.16)O& -5.95& 2(+38& /6&
.)(77.9.()9.(8&67&/5(&>+<)(/.9&9.19:./?&H/&.8&<663&;1+9/.9(&/6&D((;&/5(&.16)&=6D(&1(2:9/+)9(&8>+22(1&/5+)&
+&7(-&;(1&9()/&67&+.1&1(2:9/+)9(&N O&A=&;16*.3.)<&+&8:77.9.()/2=&2+1<(&.16)&91688J8(9/.6)&8:95&/5+/&/5(&
>+<)(/.9& 72:B& .)& /5(& .16)& 1(>+.)8& 8>+22(1& /5+)& V?]&4?& H7& /5(& 1(96>>()3+/.6)& N O& .8&
76226-(3&3.2.<()/2=%&/5(&(77.9.()9=&.8&A(//(1&/5+)&ddl?&
&
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"77.9.()9=X& &?&
4.1.6 Magnetic length 
46&:)3(18/+)3& /5(& 96)9(;/& 67&>+<)(/.9& 2()</5%&-(&5+*(& /6& .>+<.)(& +;;16+95.)<& /5(&>+<)(/&-./5& +&
>(+8:1(>()/&;16A(&+26)<&/5(&A(+>&+B.8&716>&.)7.)./=&/6-+138&/5(&>+<)(/&9()/1(?&U5+/&-(&-.22&1(+3&
6)&/5(&.)8/1:>()/&.8&+&8/(+3=&.)91(+8(&67&/5(&7.(23&-5()&-(&>6*(&9268(1&/6&/5(&(3<(&67&/5(&.16)&=6D(&
;+88.)<&/516:<5&/5(&8/1+=&7.(23&67&/5(&>+<)(/?&45(&7.(23&96)/.):(8&/6&1.8(&(*()&-5()&-(&+1(&()/(1.)<&
/5(&<+;&67&/5(&>+<)(/&+)3&-.22&1(+95&./8&>+B.>:>&*+2:(&-5()&-(&>6*(&/5(&;16A(&/6-+138&/5(&9()/1(&
67&/5(&>+<)(/&-5(1(&.8&1(>+.)8&>61(&61&2(88&8/+A2(&:)/.2&-(&>6*(&+<+.)&+-+=&716>&/5(&9()/1(&/6-+138&
/5(&6/5(1&()3&67&/5(&>+<)(/?&U(&8((&716>&I.<?&V]&/5+/&/5(&7.(23&36(8&)6/&.)91(+8(&8:33()2=&A:/&8/(+3.2=&
-5()&-(&+;;16+95& /5(&(3<(&67& /5(& .16)&=6D(?& & H)/(<1+/.)<& /5(&>+<)(/.9& 7.(23&+26)<& /5(& 26)<./:3.)+2&
+B.8&8/+1/.)<&716>&7+1&6:/8.3(&6)&6)(&8.3(&+)3&()3.)<&7+1&6:/8.3(&716>&/5(&>+<)(/&6)&/5(&6/5(1&8.3(&-.22&
<.*(& +& 5.<5(1& *+2:(& /5+)& 8.>;2=& >:2/.;2=.)<& /5(& 269+2& >+<)(/.9& 7.(23& -./5& /5(& .16)& 2()</5& 67& /5(&
>+<)(/?&k(1(&-(&9+)&.)/163:9(&/5(&/(1>&_>+<)(/.9&2()</5R&)./4&-5.95&.8&3(7.)(3&+8&& &
&
& &?& N^O&
U(& 9+)& 96)92:3(& /5+/& /5(& >+<)(/.9& 2()</5& .8& +2-+=8& 2+1<(1& /5+)& /5(& +9/:+2& .16)& 2()</5?& 46&
9+29:2+/(& (B+9/2=& /5(&>+<)(/.9& 2()</5& +)+2=/.9+22=& 9+)& A(& S:./(& 3.77.9:2/?& m8:+22=& ./& .8& 3(1.*(3& 716>&
):>(1.9+2&96>;:/+/.6)8&A=&.)/(<1+/.)<&/5(&7.(23&+26)<&/5(&>+<)(/&+8&3(891.A(3&+A6*(&+)3&3.*.3.)<&./&
A=&/5(&269+2&7.(23&.)&/5(&9()/1(&67&/5(&>+<)(/?&$(*(1/5(2(88%&/5(1(&.8&+&-+=&/6&+;;16B.>+/(&/5(&>+<)(/&
2()</5%&-5.95&-61D8&-(22& .)& 9+8(8&-5(1(& /5(& .16)& 2()</5&67& /5(&>+<)(/& .8&>:95& 2+1<(1& /5+)& ./8& <+;&
5(.<5/?&I61&+&3.;62(&-(&9+)&(8/.>+/(&/5(&>+<)(/&2()</5&-./5& &
& & NeO&
-5(1($ ($ .8&+&96)8/+)/&-5.95& .8& 8;(9.7.9& /6& /5(&=6D(&<(6>(/1=?&45(&96)8/+)/&(&<(/8& 8>+22(1&-5()& /5(&
;62(&-.3/5&.8&8>+22(1&/5+)&/5(&<+;&5(.<5/%&-5()&8+/:1+/.6)&699:18&.)&/5(&;62(&1(<.6)8%&61&-5()&/5(&96.2&
5(+38&+1(&9268(&/6&/5(&A(+>&+B.8?&4=;.9+2&*+2:(8&67&(&+1(&A(/-(()&b?\&+)3&b?a?&E&;1(9.8(&3(/(1>.)+/.6)&
67&(&.8&6)2=&;688.A2(&-./5&>(+8:1(>()/8&61&):>(1.9+2&9+29:2+/.6)8?&
&
&
Fig. 15:&Q+<)(/.9&2()</5&Z&7.(23&3.8/1.A:/.6)&+26)<&/5(&A(+>&+B.8&
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4.1.7 Magnetic flux 
45(&/(1>&>+<)(/.9&72:B&?&/516:<5&+&8:17+9(&.8&3(7.)(3&+8&/5(&.)/(<1+2&67&/5(&)61>+2&96>;6)()/&67&/5(&
72:B&3()8./=&6*(1&/5(&91688J8(9/.6)&+1(+&67&/5.8&8:17+9(?&H)&613(1&/6&8((&-5(/5(1&/5(1(&.8&+)=&8+/:1+/.6)&
.88:(&.)&/5(&.16)&-(&)((3&/6&(8/.>+/(&/5(&+*(1+<(&72:B&3()8./=&.)&/5(&.)3.*.3:+2&;+1/8&67&/5(&=6D(?&&
&
Fig. 16:&I2:B&.)&/5(&>+<)(/&+;(1/:1(&
45.8&9+)&A(&36)(&A=&3.*.3.)<&/5(&/6/+2&>+<)(/.9&72:B&A=&/5(&91688J8(9/.6)&+1(+&67&/5(&.)3.*.3:+2&;+1/8?&
E8&856-)&.)&I.<?&Va&/5(&72:B&()/(1.)<&/5(&;62(&8:17+9(8&96)8.8/8&>+.)2=&67&/5(&:8(7:2&72:B&.)&/5(&<+;%&
A:/&761&/5(&9611(9/&9+29:2+/.6)&67&/5(&/6/+2&72:B&.)&/5(&1(/:1)&=6D(&-(&)((3&/6&96)8.3(1&+8&-(22&/5(&8/1+=&
72:B&()/(1.)<&6)&/5(&8.3(8&67&/5(&;62(8?&E<+.)%&+&;1(9.8(&+)+2=/.9&9+29:2+/.6)&67&/5(&/6/+2&72:B&.8&3.77.9:2/%&
A:/&761&8.>;2(&3.;62(&<(6>(/1=&-(&9+)&16:<52=&(8/.>+/(&./&A=&:8.)<&/5(&76226-.)<&1(2+/.6)?&&
46/+2&72:B&.)&/5(&1(/:1)&=6D(&.8&
& & NdO&
-5(1(&"&.8&/5(&<+;&5(.<5/&+)3&>&/5(&;62(&-.3/5?&
4.1.8 Inductance 
46&8.0(&/5(&;6-(1&96)*(1/(18%&-(&)((3&/6&D)6-&/5(&>+B.>:>&9:11()/&+)3&/5(&#Q,&9:11()/%&+)3&/5(&39&
;6-(1&96)8:>;/.6)%&A:/&+286&/5(&*62/+<(&/5+/&/5(&96)*(1/(1&5+8&/6&8:;;2=?&45(&/6/+2&1(S:.1(3&*62/+<(&.8&
+&7:)9/.6)&67&/5(&>+B.>:>&9:11()/&/6&(B9./(&/5(&96.28%&/5(&1(8.8/+)9(&+)3&.)3:9/+)9(&67&/5(&96.28%&+)3&
/5(&()*.8+<(3&8;((3&/6&1(+95&/5(&>+B.>:>&7.(23?&45(&/6/+2&*62/+<(&6)&+&1+>;(3&>+<)(/&.8&<.*()&A=&
& & NVbO&
-5(1(&L&.8&/5(&/6/+2&(2(9/1.9+2&1(8.8/+)9(&67&/5(&(B9./+/.6)8&96.28&.)&h?%&65>i%&M&.8&/5(&/6/+2&.)3:9/+)9(&
67&/5(&>+<)(/&.)&hk%&5()1=i%&+)3& &/5(&>+B.>:>&9:11()/&1+>;&1+/(&.)&hEo8i?&
I61&+&>+<)(/&9=92(3&-./5& &/5(&/6/+2&*62/+<(&.8&
& & NVVO&
-5(1(&@F&.8&/5(&+>;2./:3(&67&/5(&9:11()/%&?&.8&/5(&+)<:2+1&71(S:()9=&+)3&?&.8&/5(&;5+8(&+)<2(X&
& &?& NVYO&
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45(& 96.2& 1(8.8/+)9(&L& 9+)&A(& (+8.2=& 9+29:2+/(3& /+D.)<& .)/6& +996:)/& /5(& 96)3:9/61& 2()</5& )%& /5(&
(77(9/.*(&91688J8(9/.6)&/5&+)3&/5(&1(8.8/.*./=&?&67&/5(&96)3:9/61&>+/(1.+2X&
& &?& NV\O&
45.8& 2(+38& :8& /6& /5(& S:(8/.6)& 67& 56-& /6& 9+29:2+/(& /5(& .)3:9/+)9(%& -5.95& .8& )6/& 6A*.6:8?& 45(&
.)3:9/+)9(&3(;()38&6)&/5(&):>A(1&67&/:1)8&+)3&6)&/5(&96.2&<(6>(/1=%&A:/&+286&6)&/5(&<(6>(/1=&67&/5(&
.16)&=6D(&8:116:)3.)<&/5(&96.28%&-5.95&>+D(8&./&>61(&3.77.9:2/&/6&9+29:2+/(&9611(9/2=&/5+)&761&+&8.>;2(&
9=2.)31.9+2&96.2&.)&71((&8;+9(?&K)(&;688.A.2./=&.8&/6&<6&*.+&/5(&8/61(3&()(1<=&N&hq%&C6:2(i&.)&/5(&>+<)(/&
& & NVcO&
86&/5+/&"S?&NVbO&A(96>(8&&
& &?& NV]O&
m)761/:)+/(2=%& /5.8&>(/563&5+8& /5(&31+-A+9D& /5+/&-(&)6-&5+*(& /6&96>;:/(& /5(&8/61(3&()(1<=&
9611(9/2=%&-5.95&.8&./8(27&)6/&(+8=?&E8&/5(&8/61(3&()(1<=&.)&+&>+<)(/&3(;()38&6)&/5(&)6)J:).761>&7.(23&
3.8/1.A:/.6)&.)&/5(&<+;%&/5(&96.28%&+)3&/5(&.16)&=6D(%&./&.8&:8:+22=&3(/(1>.)(3&A=&):>(1.9+2&96>;:/+/.6)?&&
k6-(*(1%&761&/5(&*(1=&8.>;2(&9+8(&67&+&-.)36-J71+>(&>+<)(/&-./5&96)8/+)/&7.(23&.)&/5(&<+;&+8&
856-)&.)&I.<?&V^N9O%&/5(&8/61(3&()(1<=&9+)&A(&(8/.>+/(3&+8&76226-8X&
& & & &
-5(1(& %& %&+)3& &+1(&1(8;(9/.*(2=&/5(&*62:>(8&67&/5(&<+;%&96.2&+)3&=6D(&.)&h>\i&?&k()9(&
& ?&
4.1.9 Dipole types 
E2/56:<5&/5(&3(8.<)&+)3&2+=6:/&67&+&3.;62(&>+<)(/&9+)&A(&S:./(&3.77(1()/&716>&9+8(&/6&9+8(&3(;()3.)<&
6)& /5(& +;;2.9+/.6)%& -(& 9+)& )(*(1/5(2(88& .3()/.7=& /51((& 8/+)3+13& 7+>.2.(8& /=;.9+22=& :8(3& .)& ;+1/.92(&
+99(2(1+/618& +)3& /1+)87(1& 2.)(8X& /5(& 86J9+22(3&!J>+<)(/%& /5(&kJ>+<)(/& +)3& /5(&KJ& 61&-.)36-J71+>(&
>+<)(/&+8&856-)&.)&I.<?&V^?&`66D.)<&.)/6&/5(.1&95+1+9/(1.8/.98&/5(1(&.8&)6&6;/.>:>&862:/.6)G&/5(=&+22&
5+*(&/5(.1&+3*+)/+<(8&+)3&31+-A+9D8?&45(&956.9(&761&6)(&61&/5(&6/5(1&6;/.6)&.8&2(3&A=&/5(&96)8/1+.)/8&
+)3& 1(S:.1(>()/8&8:95&+8& /5(& 7:)9/.6)&67& /5(&>+<)(/%& /5(&+*+.2+A2(&8;+9(%&+)3& /5(& 7.(23&S:+2./=?&45(&
76226-.)<&8(9/.6)8&;16*.3(&+&8561/&6*(1*.(-&67&/5(8(&/51((&>+.)&/=;(8&;6.)/.)<&6:/&/5(.1&;168&+)3&96)8?&
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& & &
Fig. 17:&,/+)3+13&3.;62(&/=;(8X&!J>+<)(/&N+O%&kJ>+<)(/&NAO%&+)3&KJ>+<)(/&N9O&
O#P#Q#P R0./4,*3$
45(&!J85+;(3&>+<)(/&61&!J>+<)(/&.)&I.<?&V^&N+O&;16*.3(8&+&*(1=&<663&+99(88.A.2./=&/6&/5(&A(+>&;.;(8%&
-5.95&>+D(8&./&+&;(17(9/&9+)3.3+/(&761&2.<5/&86:19(8&-5(1(&/5(&8=)9516/16)&2.<5/&5+8&/6&A(&(B/1+9/(3&+22&
+26)<&/5(&9.19:>7(1()9(&67&/5(&8=)9516/16)?&K-.)<&/6&./8&+8=>>(/1.9&2+=6:/&/5.8&/=;(&.8&+286&8:./+A2(&
761&.)C(9/.6)&+)3&(B/1+9/.6)&1(<.6)8&61&06)(8&-5(1(&+3C+9()/&A(+>8&+1(&*(1=&9268(&/6&(+95&6/5(1&2.D(&.)&
/5(&/1+)87(1&2.)(8&67&(B;(1.>()/+2&+1(+8?&
45(&=6D(&*62:>(& +)3&5()9(& /5(&-(.<5/& 67&!J>+<)(/8& .8& 8.<).7.9+)/2=& 5.<5(1& /5+)&kJ>+<)(/8&
-./5&8.>.2+1&;(1761>+)9(?&45(&>(95+).9+2&8/+A.2./=&.8&2(88&<663&96>;+1(3&/6&+)&kJ&61&KJ>+<)(/&8.)9(&
./&5+8&6)2=&6)(&1(/:1)&2(<&+)3&/5(&+//1+9/.)<&>+<)(/.9&7619(8&>+=&2(+3&/6&+&>6*(>()/&67&/5(&;62(8&-5()&
/5(&>+<)(/&.8&;:28(3?&41+)8*(18+2&85.>8&+1(&:8:+22=&1(S:.1(3&/6&+95.(*(&+&3(9()/&7.(23&S:+2./=?&&
E& 31+-A+9D& 67& /5(&!J>+<)(/& .8& /5(& +8=>>(/1.9+2& 7.(23& 3.8/1.A:/.6)& .)& /5(& <+;?&m)2.D(& +)&kJ
>+<)(/&-./5&/-6J7623&8=>>(/1=&+16:)3&A6/5&+B(8%&+&!J>+<)(/&5+8&6)2=&+&6)(J7623&8=>>(/1=?&@(9+:8(&&
& & &
5+8&/6&A(&96)8/+)/%&/5(&96)/1.A:/.6)&/6&/5(&.)/(<1+2&.)&/5(&.16)&5+8&3.77(1()/&;+/5&2()</58%&+8&856-)&.)&
I.<?&Ve?&45(&7.)./(&;(1>(+A.2./=&-.22&91(+/(&26-(1&7.(23&3()8./.(8&6)&/5(&6:/8.3(&67&/5(&<+;&/5+)&6)&/5(&
.)8.3(&-5.95& <()(1+/(8& 86J9+22(3& _761A.33()R& 5+1>6).98&-./5& )& [& Y%& c%& a%& (/9?& 4=;.9+22=%& /5(& 3.;62(&
;163:9(8&+&<1+3.()/&+91688&/5(&;62(&67&b?Vl&-./5&1(8;(9/&/6&/5(&9()/1+2&7.(23?&H)&+33./.6)%&/5(&5+1>6).98&
95+)<(&-./5&8+/:1+/.6)&+)3&3.8;2+=&)6)J2.)(+1&A(5+*.6:1&3(;()3.)<&6)&/5(&(B9./+/.6)&2(*(2?&&
&
Fig. 18:&I2:B&3.8/1.A:/.6)&.)&+&!J>+<)(/&
O#P#Q#S I0./4,*3$
45(&kJ/=;(&>+<)(/&716>&I.<?&V^NAO&.8&:8(3&+8&8/+)3+13&.)&>+)=&+99(2(1+/618&+)3&A(+>&/1+)87(1&2.)(8?&
E99(88& /6& /5(& 96.28& +)3& A(+>& ;.;(8& .8& ;661%& A:/& /5(=& ;16*.3(& +& <663& >(95+).9+2& 8/+A.2./=& +)3& +&
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8=>>(/1.9& 7.(23&S:+2./=?&45(& .16)&-(.<5/& .8& 1(3:9(3&-./5& 1(8;(9/& /6&!J>+<)(/8&+)3& /5(=&+1(&:8:+22=&
>+3(& 67& /-6& ;+1/8& /6& +226-& +)& (+8=& .)8/+22+/.6)& 67& /5(& 96.28& +)3& /5(& *+9::>& 95+>A(1?& & 41+)8*(18+2&
85.>8&+1(&+286&1(S:.1(3&5(1(&/6&+95.(*(&+&3(9()/&7.(23&S:+2./=?&
O#P#Q#T U&,1->0=+/.*$-+$V0./4,*3$
H7&-(& 1(3:9(& /5(& ;62(& 5(.<5/8& 67& +)&kJ>+<)(/& /6& 0(16&-(&A+8.9+22=& +11.*(& +/& /5(& 86J9+22(3&-.)36-J
71+>(& 2+=6:/?& H/& 5+8& 8.>.2+1& 95+1+9/(1.8/.98& /6& /5(& kJ>+<)(/& .)& /(1>8& 67& 8=>>(/1=%& -(.<5/%& +)3&
>(95+).9+2&8/+A.2./=%&-./5& /5(&3.77(1()9(& /5+/& /5(&-.)36-J71+>(&3(8.<)&;16*.3(8&+&*(1=&56>6<()6:8&
7.(23&S:+2./=&(*()&-./56:/&85.>8?&E8&856-)&.)&I.<?&V^N9O%&/5(1(&+1(&/-6&A+8.9&*(18.6)8&67&/5.8&>+<)(/&
/=;(&-5.95& (>;26=& 3.77(1()/& 96.2& 3(8.<)8?&45(& .>+<(& 6)& /5(& A6//6>& 1(;1(8()/8& +& 92+88.9+2&-.)36-J
71+>(&>+<)(/&-./5&8+332(&96.28&N8((&,(9/.6)&c?]?VO%&-5.2(&/5(&*(18.6)&6)&/5(&/6;&:8(8&1+9(/1+9D&96.28&
.)8/+22(3&+16:)3&/5(&*(1/.9+2&2(<8&67&/5(&1(/:1)&=6D(8?&45(&2+//(1&.8&2(88&(77.9.()/&.)&/(1>8&67&(B9./+/.6)X&
./&1(S:.1(8&>61(&+>;(1(J/:1)8&96>;+1(3&/6&/5(&*(18.6)&-./5&/5(&8+332(&96.28?&H)&+33./.6)%&./&<()(1+/(8&+&
26/&67&8/1+=&7.(23& .)& /5(&8:116:)3.)<8&67& /5(&>+<)(/?&k6-(*(1%&96.28&9+)&+286&A(& .)8/+22(3&+16:)3& /5(&
561.06)/+2& 2(<& 67& /5(& >+<)(/.9& 9.19:./& +33.)<& +& *(1/.9+2& A()3.)<& 7:)9/.6)?& ,:95& 96>A.)(3&
561.06)/+2o*(1/.9+2&>+<)(/8&+1(&67/()&:8(3&+8&8/((1.)<&>+<)(/8&3:(&/6&/5(.1&96>;+9/&3(8.<)%&A:/&/5(.1&
(77.9.()9=&.8&26-?&&&
4.2 Quadrupole yoke design 
4.2.1 Magnetic induction  
E)+26<6:8&/6&/5(&3.;62(%&/5(&1(S:.1(3&S:+31:;62(&7.(23&<1+3.()/&:?&.)&h4o>i&9+)&A(&3(1.*(3&A=&:8.)<&
& & NVaO&
-5(1($(&.8&/5(&S:+31:;62(&8/1()</5&.)&h>JYi?&
4.2.2 Excitation current 
45(&(B9./+/.6)& 9:11()/& .)& +&S:+31:;62(& 9+)&A(& 9+29:2+/(3&:8.)<& 8.>.2+1& 96)8.3(1+/.6)8& /6& /568(& 761& +&
3.;62(?&!5668.)<&/5(&.)/(<1+/.6)&;+/5&856-)&.)&I.<?&Vd&-(&<(/&
& ?&
I61&+)&.3(+2&S:+31:;62(%&/5(&<1+3.()/& &.8&96)8/+)/%& &+)3& ?&
&
&
Fig. 19:&!268(3&.)/(<1+/.6)&;+/5&.)&+&S:+31:;62(&
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45(&7.(23&>63:2:8&+26)<&/5(&;+/5&8V&9+)&5()9(&A(&-1.//()&+8&
& &?&
E88:>.)<& /5+/& & .8& 2+1<(& -(& 9+)& )(<2(9/& :$ .)& /5(& ;+1/& 8Y& A(9+:8(& /5(& 1(2:9/+)9(&
&.)&/5(&.16)&.8&8>+22&96>;+1(3&/6&/5(&1(2:9/+)9(&.)&/5(&+.1&<+;?&,.)9(&:B&6)&/5(&6J+B.8&N7&[&
bO&.8&0(16%&/5(&.)/(<1+2&&
& &
/66%&86&-(&9+)&+286&.<)61(&/5(&96)/1.A:/.6)&67&:&+26)<&;+/5&8\?&
45.8&2(+38&/6& &
& &
+)3&7.)+22=&/6&
& &?& NV^O&
45(&5.<5(8/&>+<)(/.9&7.(23&+;;(+18&+/&/5(&;62(&*(1/(B?&&
4.2.3 Magnetic length 
45(&>+<)(/.9&2()</5&761&+&S:+31:;62(&9+)&A(&(8/.>+/(3&A=&&
& & NVeO&
-5(1(&?& .8& +&<(6>(/1=& 8;(9.7.9&96)8/+)/& N/=;.9+22=&+16:)3&b?c]O&-5.95&9+)&A(8/&A(&3(/(1>.)(3& 761&+&
;+1/.9:2+1&=6D(&<(6>(/1=&A=&):>(1.9+2&9+29:2+/.6)?&
H/&.8&.)/(1(8/.)<&/6&)6/(&/5+/&/5(&):>A(1&67&+>;(1(J/:1)8&761&+&<.*()&<1+3.()/&.)91(+8(8&-./5&/5(&
8S:+1(&67&/5(&S:+31:;62(&+;(1/:1(&+)3&/5(&3.88.;+/(3&;6-(1&(*()&-./5&/5(&;6-(1&67&76:1?&
& & &
45.8& 7+9/&>+D(8& ./&>61(& 3.77.9:2/& /6& +996>>63+/(& /5(& )(9(88+1=& +>;(1(J/:1)8& +)3& 96.2& 91688J
8(9/.6)&.)&/5(&.16)&=6D(&+)3&/6&+88:1(&+&8:77.9.()/&9662.)<?&46&>+D(&8;+9(&761&/5(&96.2&/5(&5=;(1A62+&
5+8& /6&A(& /1:)9+/(3&P&3.<1(88.)<& 716>& /5(& .3(+2&;62(&;167.2(?&W(;()3.)<&6)&-5(1(& /5(&5=;(1A62+& .8&
/(1>.)+/(3%&/5(&1(8:2/+)/&N+226-(3O&5.<5(1&613(1&5+1>6).98&>+=&+77(9/&/5(&7.(23&S:+2./=&.)&/5(&+;(1/:1(&
8:77.9.()/2=&/6&-+11+)/&9611(9/.6)?&&
4.2.4 Quadrupole types 
H)& /5(& 8+>(& -+=& +8& 761& /5(& 3.;62(8& -(& 9+)& 92+88.7=& /5(& 3.77(1()/& S:+31:;62(& 2+=6:/8& .)& 8(*(1+2&
9+/(<61.(8?&45(&>68/&96>>6)&(B+>;2(8&+1(&;1(8()/(3&.)&I.<?&Yb?&
45(&8/+)3+13&S:+31:;62(&.)&I.<?&YbN+O&5+8&dbf&;62(8&+)3&;16*.3(8&*(1=&2.>./(3&8;+9(&761&96.28?&&
45(&.>+<(&.)&I.<?&YbNAO&856-8&+)6/5(1&8/+)3+13&S:+31:;62(&-./5&;+1+22(2&;62(&8.3(8?&H/&;16*.3(8&
>+B.>:>& 8;+9(& 761& 96.28%& A:/& /5(& /()3()9=& /6& 856-& 8+/:1+/.6)& +16:)3& /5(& 1(<.6)& 67& /5(& ;62(& 166/8&
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2.>./8&6;(1+/.6)&+8&+&5.<5J7.(23&S:+31:;62(?&$6/(&/5+/&/5(&()/.1(&8/1+=&72:B&()/(1.)<&+22&+26)<&/5(&;62(&
8.3(&5+8&/6&;+88&/516:<5&/5(&;62(&166/?&&45.8&3(8.<)&.8&:8(3&-5()&>63(1+/(&7.(23&<1+3.()/8&+1(&1(S:.1(3?&
&& & &
Fig. 20:&g:+31:;62(&/=;(8X&8/+)3+13&/=;(&N+O&+)3&NAO%&!622.)8&N9O&+)3&F+)678D=&N3O&
E&96>;16>.8(&A(/-(()&/5(&/-6&8/+)3+13&/=;(8&.8&+&S:+31:;62(&-./5&/+;(1(3&;62(&8.3(8%&-5.95&.8&
)6/&856-)&5(1(?&H/&96>A.)(8&/5(&+3*+)/+<(&67&2+1<(1&96.2&-.)36-8&+)3&2(88&8+/:1+/.6)&.)&/5(&;62(&166/8%&
A:/&.8&>61(&96>;2.9+/(3&+)3&968/2=&/6&>+):7+9/:1(?&
45(&86J9+22(3&!622.)8&61& 7.<:1(J67J(.<5/&S:+31:;62(& .)&I.<?&YbN9O& .8&+& 8;(9.+2& /=;(&8:./+A2(& 761&
2.<5/&86:19(8&+)3&)+116-&A(+>&2.)(8&A(9+:8(&./&;16*.3(8&+)&6;().)<&6)&/5(&8.3(&+226-.)<&/5(&(B/1+9/.6)&
67&A(+>8&61&8=)9516/16)&2.<5/?&H/&.8&6A*.6:82=&>(95+).9+22=&2(88&8/+A2(%&>61(&96>;2.9+/(3&/6&;163:9(%&
+)3&/5(1(761(&>61(&(B;()8.*(?&
E& >61(& (B6/.9& /=;(& .8& /5(& F+)678D=& S:+31:;62(& 856-)& .)& I.<?& YbN3O?& 45.8& /=;(& ;16*.3(8& +)&
(B9(22()/& 7.(23& S:+2./=G& 56-(*(1& ./& .8& :8(3& 6)2=& +8& 9611(9/61& >+<)(/%& A(9+:8(& 67& ./8& 2.>./(3& 7.(23&
8/1()</5?& 45(& F+)678D=& S:+31:;62(& 266D8& 2.D(& +& -.)36-J71+>(& 3.;62(& -./5& 561.06)/+2& +)3& *(1/.9+2&
96.28%& A:/& .8& .)& 1(+2./=& +)& .16)2(88& >+<)(/%& 8.)9(& /5(& >+<)(/.9& 7.(23& .8& 3(/(1>.)(3& A=& /5(& 9:11()/&
3.8/1.A:/.6)&.)&/5(&96;;(1&96)3:9/618&+)3&)6/&A=&/5(&.16)&=6D(?&
4.3 Sextupole yoke design 
4.3.1 Magnetic induction  
E)+26<6:8&/6&/5(&3.;62(&+)3&/5(&S:+31:;62(%&/5(&3.77(1()/.+2&7.(23&<1+3.()/&:??&.)&h4o>Yi&67&+&8(B/:;62(&
9+)&A(&96>;:/(3&
& & NVdO&
-./5&.&A(.)<&/5($8(B/:;62(&8/1()</5&.)&h>J\i?&
4.3.2 Excitation current  
46&.3()/.7=&/5(&1(S:.1(3&):>A(1&67&+>;(1(J/:1)8&761&+&8(B/:;62(&-(&9568(&/5(&8+>(&+;;16+95&+8&761&
S:+31:;62(8?&I61&+&8(B/:;62(%&/5(&7.(23&.8&;+1+A62.9&+)3& &&.8&96)8/+)/&86&/5+/&
& &
2(+3.)<&/6& &
& &
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+)3&
& &?& NYbO&
E)+26<6:8&/6&/5(&S:+31:;62(%&/5(&+>;(1(J/:1)8&.)&/5(&8(B/:;62(&.)91(+8(&-./5&/5(&/5.13&;6-(1&67&
/5(&+;(1/:1(&+)3&/5(&;6-(1&3.88.;+/(3&.)&/5(&96.28&1.8(8&-./5&/5(&8.B/5&;6-(1&67&/5(&+;(1/:1(?&
& & &
I61/:)+/(2=%& 8(B/:;62+1& 7.(238&+1(&:8:+22=& 1(S:.1(3& /6&A(&>:95&8>+22(1& /5+)&S:+31:;62(& 7.(238?
& &
4.4 Yoke materials 
Q+<)(/.9& 9.19:./8& 61& =6D(8& +1(& >+3(& 67& >+<)(/.9& 8/((2?& 45(=& 9+)& A(& A:.2/& 716>& >+88.*(& .16)& 61&
+88(>A2(3& 716>& 2+>.)+/.6)8?& k.8/61.9+22=%& /5(& ;1.>+1=& 956.9(& 761& (./5(1& 67& /5(8(& /(95).S:(8& -+8&
-5(/5(1&/5(&>+<)(/&-+8&9=92(3&61&6;(1+/(3&.)&;(18.8/()/&>63(?&,62.3&=6D(8&8:;;61/&(33=&9:11()/8&+)3&
5()9(&9+))6/&A(&9=92(3&61&;:28(3& 1+;.32=?&46& 1(3:9(&61&+*6.3&(33=&9:11()/8& .)&;:28(3&6;(1+/.6)& /5(&
=6D(&5+8&/6&A(&2+>.)+/(3?&&
M6D(8& >+95.)(3& 716>& 9+8/& .)<6/8& 1(S:.1(& 2(88& /662.)<& /5+)& 761& /5(& 8/+>;.)<%& 8/+9D.)<& +)3&
+88(>A2.)<&67& 2+>.)+/(3&=6D(8?&E&>+C61& ;16A2(>&-./5&>+88.*(& =6D(8& .8& /5(& 3.77.9:2/=&67& ;16*.3.)<&
>+<)(/8&-./5& 8.>.2+1&>+<)(/.9& ;(1761>+)9(?& 46& +88:1(& .3()/.9+2& 95+1+9/(1.8/.98&-./5.)& /5(& +99(;/(3&
/62(1+)9(8&+22&=6D(8&5+*(&/6&A(&A:.2/&:8.)<&/5(&8+>(&>(2/?&45.8&1(S:.1(8&*(1=&9+1(7:2&369:>()/+/.6)?&&
463+=R8& ;1+9/.9(P&(*()& 761& 39& 6;(1+/(3&>+<)(/8&P& .8& /6&:8(& 9623J1622(3%& )6)J<1+.)J61.()/(3&
N$'KO&(2(9/16J8/((2&85((/8&+)3&8/1.;8&N+99613.)<&/6&"$&VbVbaO?&E2/56:<5&2+>.)+/(3&=6D(8&+1(&2+A6:1&
.)/()8.*(&+)3&1(S:.1(&>61(&+)3&(B;()8.*(&/662.)<&/5(=&677(1&+&):>A(1&67&+3*+)/+<(8X&
– Q+<)(/.9&+)3&>(95+).9+2&;16;(1/.(8&9+)&A(&+3C:8/(3&A=&7.)+2&+))(+2.)<&
– #(;163:9.A2(&8/((2&S:+2./=&(*()&6*(1&2+1<(&;163:9/.6)8&&
– Q+<)(/.9&;16;(1/.(8&N;(1>(+A.2./=%&96(19.*./=O&-./5.)&8>+22&/62(1+)9(8&&&
– k6>6<()(./=& +)3& 1(;163:9.A.2./=& +>6)<& /5(&>+<)(/8& 67& +& 8(1.(8& 9+)& A(& ()5+)9(3&A=&
8(2(9/.6)%&861/.)<&61&85:772.)<&67&/5(&2+>.)+/.6)8&+99613.)<&/6&/5(.1&>+<)(/.9&;16;(1/.(8&
– K1<+).9&61&.)61<+).9&96+/.)<&761&.)8:2+/.6)&+)3&A6)3.)<&
– Q+/(1.+2&.8&:8:+22=&95(+;(1&
4+A2(&Y&8:>>+1.0(8&/=;.9+2&>+/(1.+2&;16;(1/.(8&67&9623J1622(3%&)6)J<1+.)J61.()/(3&(2(9/16J8/((2?&
Q61(&3(/+.2(3&.)761>+/.6)&6)&8;(9.7.9&>+/(1.+28&9+)&A(&1(S:(8/(3&716>&/5(&8/((2&;163:9(18?&
&
Table 2X&4=;.9+2&;16;(1/.(8&67&9623J1622(3%&)6)J<1+.)J61.()/(3&(2(9/16J8/((2&&
Property Typical value 
,5((/&/5.9D)(88& b?\&?&/&?&V?]&>>&
W()8./=& ^?ab&?&?&?&^?e]&D<o3>\&
!6(19.*./=& I9&r&a]&Eo>&
!6(19.*./=&8;1(+3& ?&I9&r&s&Vb&Eo>&
"2(9/1.9+2&1(8.8/.*./=&+/&Ybf!& b?Va&N26-&,.O&?&?&?&b?aV&??>&N5.<5&,.O&
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4.4.1 Permeability 
E/&/5(&A(<.)).)<&67&/5.8&8(9/.6)&-(&3.89:88(3&/5(&1(2+/.6)&A(/-(()&/5(&>+<)(/.9&7.(23&8/1()</5&I&+)3&
/5(&>+<)(/.9&72:B&3()8./=&:%&-5.95&.8&3(7.)(3&761&71((&8;+9(&+8&&
&
&& &%& NYVO&
-5(1(&?F& .8& +& :).*(18+2& 96)8/+)/&-./5& /5(& *+2:(& c?tVbJ^&n8oE>?& I61& /5(&>+<)(/.9& 72:B& 3()8./=& .)& +&
>+/(1.+2&"S?&NYVO&A(96>(8&
& && &
-5(1(&?&.8&9+22(3&/5(&+A862:/(&;(1>(+A.2./=&-5.95&.8&>+/(1.+2&8;(9.7.9?&@(9+:8(&
&
& && &
761&71((&8;+9(%&-(&9+)&1(2+/(&/5(&;(1>(+A.2./=&67&>+//(1&/6&/5(&;(1>(+A.2./=&67&71((&8;+9(&A=&
& && NYYO&
.)/163:9.)<&?+&+8&/5(&3.>()8.6)2(88&1(2+/.*(&;(1>(+A.2./=%&-5.95&95+1+9/(1.0(8&/5(&>+<)(/.9&A(5+*.6:1&
67&>+/(1.+28?&U(&9+)&3.8/.)<:.85&A(/-(()&/51((&>+.)&9+/(<61.(8&67&>+/(1.+28X&
– 3.+>+<)(/.9&>+/(1.+28&N?+&r&VO%&
– ;+1+>+<)(/.9&>+/(1.+28&N?+&p&VO%&+)3&
– 7(116>+<)(/.9&>+/(1.+28&N?+&pp&VO?&
I61&/5(&96)8/1:9/.6)&67&(2(9/16>+<)(/8%&6)2=&/5(&/5.13&9+/(<61=&.8&.>;61/+)/?&,(*(1+2&(B+>;2(8&
67&96>>6)2=&:8(3&8/((2&<1+3(8&+)3&/5(.1&1(2+/.*(&;(1>(+A.2./=&+1(&;1(8()/(3&.)&I.<?&YV?&
&
Fig. 21:&F(1>(+A.2./=&67&3.77(1()/&8/((2&<1+3(8&
4.4.2 Magnetic polarization 
I(116>+<)(/.9& >+/(1.+28& 856-& +& )6)J2.)(+1& 9611(2+/.6)& A(/-(()& /5(& 7.(23& 8/1()</5& I& +)3& /5(& 72:B&
3()8./=&:?&45(&/6/+2&72:B&3()8./=&.)&/5(&>+/(1.+2&.8&/5(&8:>&67&/5(&72:B&3()8./=&.)&71((&8;+9(&?FI&+)3&/5(&
>+<)(/.9&;62+1.0+/.6)&W$.)$h4i&+)3&.8&3(891.A(3&A=&/5(&(S:+/.6)&&
&
& & &?& NY\O&
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45(&>+<)(/.9&;62+1.0+/.6)&W&761&8;(9.7.9&>+/(1.+28&.8&/=;.9+22=&;1(8()/(3&.)&/+A2(8&61&<1+;58&A=&
>(+8:1(3& 3+/+?& H)& +33./.6)& /6& /5(& )6)J2.)(+1& A(5+*.6:1%& 9623J& +)3& 56/J1622(3& 8/((2& 5+*(& >+/(1.+2&
95+1+9/(1.8/.98& -5.95& 9+)& A(& +).86/16;.9& /6& +& 5.<5& 3(<1((?& 45.8& +).86/16;=%& .)& ;+1/.9:2+1& 761& /5(&
;(1>(+A.2./=& 9+)& A(& ;+1/2=& 9:1(3& A=& 7.)+2& +))(+2.)<%& A:/& 1(>+.)8& /6& +& 9(1/+.)& (B/()/& +)3& 9+))6/& A(&
)(<2(9/(3%&86&./&5+8&/6&A(&96)8.3(1(3&.)&/5(&>+<)(/.9&3(8.<)?&I.<?&22&856-8&/5(&+).86/16;.9&;62+1.0+/.6)&
+)3&;(1>(+A.2./=&67&9623J1622(3&(2(9/16J8/((2&N<1+3(&VYbb&Z&VbbEO&+7/(1&7.)+2&+))(+2.)<?&
4.4.3 Hysteresis, remanence and coercivity 
K)&+996:)/&67&96>;2.9+/(3&>+/(1.+2&.)/(1)+2&;169(88(8&N>6*(>()/8&+)3&<16-/5&67&>+<)(/.9&36>+.)8O&
-(&9+)&6A8(1*(&+&5=8/(1(8.8%&-5.95&>(+)8&/5+/&/5(&72:B&3()8./=&:XIY&+8&+&7:)9/.6)&67&/5(&7.(23&8/1()</5&
.8&3.77(1()/&-5()&.)91(+8.)<&+)3&3(91(+8.)<&(B9./+/.6)?&45.8&A(5+*.6:1&.8&856-)&.)&I.<?&Y\?&
&& &&
Fig. 22:&E).86/16;.9&;62+1.0+/.6)&N+O&+)3&;(1>(+A.2./=&NAOG&3+/+&86:19(X&45=88()o'(1>+)=&
U5()&/5(&9:11()/&.8&8-./95(3&677%&86>(&>+<)(/.9&;62+1.0+/.6)&67&/5(&.16)&1(>+.)8X&/5.8&.8&9+22(3&
1(>+)()/& 7.(23& 61& >+<)(/.9& 1(>+)()9(&:+?& 45(& -.3/5& 67& /5(& 5=8/(1(8.8& 9:1*(& .8& 3(/(1>.)(3& A=& /5(&
96(19.*(&7619(&61&96(19.*./=&I'?&45(&S:+)/./=&I'&.8&3(7.)(3&+8&/5(&*+2:(&67&7.(23&8/1()</5&/5+/&1(3:9(8&
/5(&>+<)(/.9&72:B&3()8./=&.)&/5(&8/((2&/6&0(16?&Q+/(1.+28&5+*.)<&I'&r&Vbbb&Eo>&+1(&9+22(3&867/&>+<)(/.9&
>+/(1.+28%& (?<?%& (2(9/16J8/((2%& /568(& -./5&I'& p& Vbbb& Eo>& +1(& 9+22(3& 5+13& >+<)(/.9%& (?<?%& ;(1>+)()/&
>+<)(/8?&
&
Fig. 23:&k=8/(1(8.8&9:1*(&67&(2(9/16J8/((2&N<1+3(&VYbb&Z&Vbb&EO&
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H)&+&96)/.):6:8&7(116>+<)(/.9&961(%&+8&.8&/5(&9+8(&67&+&/1+)8761>(1%&/5(&1(8.3:+2&7.(23&.8&()/.1(2=&
3(/(1>.)(3&A=&/5(&1(>+)()9(&:+?&H)&+&>+<)(/&-5(1(&/5(&5.<5(8/&1(2:9/+)9(&+;;(+18&.)&/5(&>+<)(/&<+;%&
/5(&1(8.3:+2&7.(23&.8&>+.)2=&3(/(1>.)(3&A=&I'?&H7&-(&/+D(&+&>+<)(/&-5.95&5+8&A(()&(B9./(3&/6&+&9(1/+.)&
7.(23&2(*(2&+)3&-(&8-./95&677&/5(&9:11()/&.)&/5(&96.28&-(&<(/&&
& & NYcO&
+)3&86&
& &?& NY]O&
46&8(/&/5(&1(8.3:+2&7.(23&/6&0(16%&+&)(<+/.*(&9:11()/&>:8/&A(&8()/&/516:<5&/5(&96.28?&H)&;1+9/.9(&./&
.8&67/()&>61(&96)*().()/&/6&8(/&+&0(16&7.(23&.)&/5(&>+<)(/&A=&1:)).)<&./&/516:<5&+&9(1/+.)&):>A(1&67&86J
9+22(3& 3(>+<)(/.0+/.6)& 9=92(8?& H)& )61>+2& 6;(1+/.6)%& /5(& >+<)(/& .8& +2-+=8& 9=92(3& /6& ./8& >+B.>:>&
*+2:(%&.11(8;(9/.*(&67&/5(&1(S:.1(3&7.(23%&/6&()8:1(&/5+/&5=8/(1(8.8&(77(9/8&+1(&1(;163:9.A2(?&&
4.5  Coil design 
H)&/5(&;1(*.6:8&8(9/.6)8&./&5+8&A(()&856-)&56-&/6&3(/(1>.)(&/5(&)(9(88+1=&+>;(1(J/:1)8?&H)&/5.8&;+1/&
-(&-.22&8((&56-&/6&95668(&+&9:11()/&3()8./=%&/5(&):>A(1&67&/:1)8&+)3&3.>()8.6)8&67&/5(&96.2?&
45(&3(8.<)&67&/5(&96.28&.8&)6/&96>;2(/(2=&.)3(;()3()/&716>&/5(&2+=6:/&67&/5(&=6D(?&K;/.>.0.)<&
/5(&96.28%&(?<?%&761&26-&;6-(1&96)8:>;/.6)%&.8&:8:+22=&+/&/5(&(B;()8(&67&+&2+1<(1&=6D(&91688J8(9/.6)?&H/&.8&
/5(&3:/=&67&/5(&>+<)(/&3(8.<)(1&/6&7.)3&/5(&1.<5/&96>;16>.8(&A(/-(()&+&<663&96.2&3(8.<)&+)3&+&<663&
=6D(&3(8.<)?&E&5.<5JS:+2./=&96.2&3(8.<)&:).7.(8& 26-&(2(9/1.9+2&;6-(1&96)8:>;/.6)%&8:77.9.()/&9662.)<&
;(1761>+)9(%&+3(S:+/(&.)8:2+/.6)&/5.9D)(88%&+)3&>63(1+/(&>+/(1.+2&+)3&>+):7+9/:1.)<&968/8?&46&1(+95&
/5.8&<6+2%&+)3&/6&+95.(*(&+&8+/.87+9/61=&6*(1+22&>+<)(/&;(1761>+)9(%&1(S:.1(8&8(*(1+2&./(1+/.6)8?&
45(&96.2&3(8.<)&8(S:()9(&9+)&A(&3.*.3(3&.)/6&8/(;8X&
– ,(2(9/.)<&+)&+3(S:+/(&96.2&/=;(&
– !+29:2+/.)<&;6-(1&1(S:.1(>()/8&
– !662.)<&9.19:./&96)7.<:1+/.6)&
– ,(2(9/.)<&/5(&96)3:9/61&3.>()8.6)8&
– K;/.>.0+/.6)&&
4.5.1 Standard coil types 
E8&.)&/5(&9+8(&67&/5(&=6D(%&96.2&2+=6:/8&9+)&+286&3.77(1%&3(;()3.)<&6)&/5(&+;;2.9+/.6)?&I.<?&24&.22:8/1+/(8&
/5(&/=;(8&>68/&71(S:()/2=&:8(3&761&)61>+2J96)3:9/.)<&+99(2(1+/61&>+<)(/8?&&
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Fig. 24:&,/+)3+13&96.2&/=;(8X&A(38/(+3&96.2&N+O%&1+9(/1+9D&96.2&NAO&+)3&S:+31:;62(&96.2&N9O&
L/'*3+/'($ '-&)<Z& 45.8& 96.2& /=;(& .8& 1(2+/.*(2=& (+8=& /6& >+):7+9/:1(& +)3& /5(1(761(& /5(& 2(+8/&
(B;()8.*(?&H/&.8&96>>6)2=&:8(3&.)&>+<)(/8&-./5&;62(8&N!J>+<)(/%&kJ>+<)(/O?&46&7+9.2./+/(&;163:9/.6)&
+)3&.)8/+22+/.6)%&/5(&96.28&+1(&67/()&>+):7+9/:1(3&.)&;+)9+D(8%&.)&;+1/.9:2+1&761&!J85+;(&>+<)(/8?&&
:*1<3*/1$ -+$ </11)*$ '-&)<Z& 45(=& +1(& >61(& 96>;2.9+/(3& /6& -.)3& +)3& 1(S:.1(& +& 96>;2(B&
.>;1(<)+/.6)&>6:23%&-5.95&>+D(8& /5(>&>61(& (B;()8.*(?& 45.8& /=;(& .8& :8(3& 761&KJ/=;(& +)3&kJ/=;(&
>+<)(/8?&45(&A()/&96.2&5(+38&+226-&7.22.)<&/5(&()/.1(&96.2&-.)36-&-./5&96)3:9/61&>+/(1.+2&+)3&2(+*.)<&
8;+9(&761&/5(&A(+>&;.;(8&+)3&/5(&>+<)(/&()38?&
[2/1+2?-)*$'-&)<Z&45.8&96.2&9+)&A(&:8(3&.)&S:+31:;62(8&-./5&;+1+22(2&61&82.<5/2=&/+;(1(3&;62(8?&E&
;+1/.9:2+1./=&856-)&5(1(&+1(&/5(&.)/(<1+/(3&/(1>.)+28&761&-+/(1&+)3&(2(9/1.9./=?&
4.5.2 Power requirements 
K)9(& /5(& 96.2& /=;(& 5+8& A(()& 8(2(9/(3& -(& )((3& /6& 3(/(1>.)(& /5(& ;6-(1& 1(S:.1(>()/8?& I61& /5.8& -(&
+88:>(&/5+/& /5(&>+<)(/&91688J8(9/.6)&+)3&/5(&=6D(&2()</5&+1(&D)6-)?&45(&/6/+2&3.88.;+/(3&;6-(1&761&
/5(&.)3.*.3:+2&>+<)(/&/=;(8&9+)&A(&9+29:2+/(3&+99613.)<2=X&
&
3.;62(X&& && NYaO&
S:+31:;62(X& & & NY^O&
8(B/:;62(X& & & NYeO&
-5(1(&?&.8&/5(&1(8.8/.*./=&.)&h?>i%&)/D4&.8&/5(&+*(1+<(&/:1)&2()</5&.)&h>i&N+&:8(7:2&+;;16B.>+/.6)&.8&Y?]&
)&+-,&r&)/D4&r&\&)&+-,$&761&1+9(/1+9D&96.28O?&
45(&9:11()/&3()8./=&\$.)$hEo>Yi$.8&3(7.)(3&+8$$
& & & NYdO&
-./5$/'-,1$A(.)<&/5(&96)3:9/61&91688&8(9/.6)&.)&h>Yi%&K&A(.)<&/5(&96.2&91688&8(9/.6)&.)&h>Yi&+)3&='&A(.)<&+&
3.>()8.6)2(88& <(6>(/1.9& 7.22.)<& 7+9/61& & N & O& /+D.)<& .)/6& +996:)/& .)8:2+/.6)&
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>+/(1.+2%& 9662.)<& 3:9/& +)3& /5(& 96)3:9/61& (3<(& 16:)3.)<?& H/& .8& .)/(1(8/.)<& /6& )6/(& /5+/& 761& +& 96)8/+)/&
<(6>(/1=%&/5(&;6-(1&2688&]&.8&;16;61/.6)+2&/6&/5(&9:11()/&3()8./=&\?&
4.5.3 Number of turns 
45(&;6-(1&-5.95&-(&5+*(&3(/(1>.)(3&+A6*(&9+)&A(&3.*.3(3&.)/6&+&*62/+<(&+)3&+&9:11()/&+99613.)<&/6&
&& &
U./5&/5(&5(2;&67&/5(&76226-.)<&A+8.9&1(2+/.6)8&&
& & & &
-(&9+)&95668(&+&):>A(1&67&/:1)8&^&/6&>+/95&/5(&.>;(3+)9(8&67&/5(&;6-(1&96)*(1/(1?&&
E& 2+1<(& ):>A(1& 67& /:1)8& .>;2.(8& 26-& 9:11()/& A:/& 5.<5& *62/+<(& -5.95& 96)8(S:()/2=& 1(S:.1(8&
/5.9D(1&.)8:2+/.6)&761&A6/5&96.28&+)3&9+A2(8%&-5.95&<.*(8&1.8(&/6&+&;661&7.22.)<&7+9/61?&E&;68./.*(&(77(9/&.8&
/5+/& /5(& /1+)8>.88.6)& ;6-(1& 2688(8& +1(& D(;/& 26-& (*()& +91688& 26)<& 3.8/+)9(8& A(/-(()& /5(& ;6-(1&
96)*(1/(1& +)3& /5(& >+<)(/8?& 45(& 956.9(& 67& 96.28& -./5& >+)=& /:1)8& .8& /5(1(761(& >+3(& ;1.>+1.2=& 761&
>+<)(/8&-./5&>63(1+/(&>+<)(/.9&7.(23&8/1()</5&-5.95&+1(&;6-(1(3&.)3.*.3:+22=?&&
E& 8>+22& ):>A(1& 67& /:1)8& .>;2.(8& 5.<5& 9:11()/& A:/& 26-& *62/+<(?& 45(& 31+-A+9D8& +1(& 2+1<(&
/(1>.)+28& +)3& 96)3:9/61& 91688J8(9/.6)?&E3*+)/+<(8& +1(& +& A(//(1& 96)3:9/61& 7.22.)<& 7+9/61& .)& /5(& 96.28%&
8>+22(1& 96.2& 91688J8(9/.6)8& +)3& 2(88& 8/1.)<()/& 3(>+)38& 6)& /5(& 96.2& +)3& 9+A2(& .)8:2+/.6)?& ,.)9(& /5(&
/1+)8>.88.6)&;6-(1&2688(8&+1(&5.<5%&/5.8&862:/.6)&.8&9568()&-5()&>+)=&>+<)(/8&5+*(&/6&A(&(2(9/1.9+22=&
96))(9/(3&.)&8(1.(8&+)3&/5(&3.8/+)9(&716>&6)(&>+<)(/&/6&/5(&)(B/&.8&1(2+/.*(2=&8561/%&8:95&+8&.)&/5(&9+8(&
67&A()3.)<&>+<)(/8&.)&+&8=)9516/16)?&H)&/5.8&9+8(&/6&5+*(&>+)=&/:1)8&-6:23&2(+3&/6&:)1(+86)+A2=&5.<5&
*62/+<(8&A(/-(()&/5(&96.28&+)3&/5(&>+<)(/&=6D(8&.)91(+8.)<&/5(&1.8D&67&8561/&9.19:./8?&45(&/1+)8>.88.6)&
;6-(1&2688&9+)&A(&5+)32(3&A=&:8.)<&-+/(1J9662(3&9+A2(8&61&1.<.3&A:8&A+18&-./5&2+1<(&91688J8(9/.6)8?&
4.6 Cooling 
45(&(2(9/1.9+2&;6-(1&-5.95&.8&3.88.;+/(3& .)& /5(&96.28&5+8& /6&A(&1(>6*(3&716>&/5(&>+<)(/8&6/5(1-.8(&
6*(15(+/.)<& 9+)& 8(1.6:82=& 3+>+<(& /5(& 96.2& .)8:2+/.6)& +)3& 9+:8(& 8561/& 9.19:./8& A(/-(()& /5(& 96.2&
96)3:9/61&+)3&/5(&8:116:)3.)<&(S:.;>()/&-5.95&.8&:8:+22=&6)&<16:)3&;6/()/.+2?&H)&/5(&7.(23&67&)61>+2J
96)3:9/.)<&>+<)(/8%&-(&3.8/.)<:.85&A(/-(()&/-6&3.77(1()/&9662.)<&/(95).S:(8X&+.1&9662.)<&+)3&-+/(1&
9662.)<?&,6>(/.>(8&/5(=&+1(&+286&1(7(11(3&/6&+8&_31=&9662.)<R&+)3&_-(/&9662.)<R?&&
4.6.1 Air cooling 
E.1&9662.)<&A=&)+/:1+2&96)*(9/.6)&.8&8:./+A2(&6)2=&761&26-&9:11()/&3()8./.(8?&45.8&2.>./8&/5(&+;;2.9+/.6)&
/6&>+<)(/8&-./5&>63(1+/(& 7.(23&8/1()</5& 2.D(&9611(9/618&61&8/((1.)<&>+<)(/8?&E8&+&1:2(&67& /5:>A%& /5(&
>+B.>:>&9:11()/&3()8./=&761&*62:>.)6:8&96.28&-5.95&+1(&+2>68/&()/.1(2=&()9268(3&.)&/5(&>+<)(/&=6D(&
856:23&)6/&(B9((3&V&Eo>>Y?&I61&8>+22%&/5.)&96.28%&9:11()/&3()8./=&9+)&A(&5.<5(1%&A:/&A(26-&Y&Eo>>Y?&&
E&;1(9.8(&/5(1>+2&8/:3=&67&+.1J9662(3&>+<)(/8&A=&+)+2=/.9&>(+)8&.8&3.77.9:2/&.7&)6/&.>;688.A2(?&
E.1& 9662.)<& .8& +& 96>A.)+/.6)& 67& 96)*(9/.6)%& 1+3.+/.6)& +)3& 5(+/& 96)3:9/.6)& +)3& 3(;()38& 6)& 96.2&
<(6>(/1=%&96.2&8:17+9(&N16:<5)(88%&>+/(1.+2%&9626:1O%&/5(1>+2&96)/+9/&/6&/5(&8:116:)3.)<&>+/(1.+28%&(/9?&
W(/+.2(3& +)+2=8.8& 67& /5(& /5(1>+2& A(5+*.6:1%& .7& )((3(3%& -6:23& 1(S:.1(& ):>(1.9+2& 96>;:/+/.6)8& 61&
>(+8:1(>()/8?& & H)761>+/.6)&6)&+.1& 9662.)<&+)3&9662.)<& .)&<()(1+2& 9+)&A(& 76:)3& .)& /5(& 1(2(*+)/& /(B/&
A66D8&.)&/5(&A.A2.6<1+;5=&+/&/5(&()3&67&/5.8&;+;(1?&&
E.1J9662(3& 96.28& 9+)& A(&>+3(& 67& 16:)3%& 1(9/+)<:2+1%& 61& 8S:+1(&-.1(8?& 45(=& +1(& 96>>(19.+22=&
+*+.2+A2(&.)&*+1.6:8&<1+3(8&+)3&3.>()8.6)8&+)3&9+)&A(&613(1(3&A2+)D&61&;1(J.>;1(<)+/(3&-./5&*+1).85&
Nb?bY&?&/&?&b?V&>>O&61&5+27J6*(12+;;(3&;62=.>.3(&NT+;/6)uO&/+;(&Nb?V&?&/&?&b?Y&>>O?&&W(;()3.)<&6)&
/5(& -.)3.)<& ;1(9.8.6)%& /5(& .)8:2+/.6)& /5.9D)(88%& +)3& /5(& 96)3:9/61& 91688J8(9/.6)8& +& 7.22.)<& 7+9/61&
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A(/-(()&b?a\&N16:)3O&/6&b?e&N1(9/+)<:2+1O&9+)&A(&6A/+.)(3?&45(&6:/(1&61&<16:)3&.)8:2+/.6)&.8&/=;.9+22=&
>+3(&A=&(;6B=&.>;1(<)+/(3&<2+88&7.A1(&/+;(8&67&/5.9D)(88&A(/-(()&b?]&>>&+)3&Y&>>?&
45(&9662.)<&;(1761>+)9(&67&+.1J9662(3&96.28&9+)&A(&()5+)9(3&A=&>6:)/.)<&+)&+;;16;1.+/(&5(+/&
8.)D&-./5&()2+1<(3&1+3.+/.6)&8:17+9(&61&A=&7619(3&+.1&726-&N9662.)<&7+)O?&
4.6.2 Water cooling 
45(1(&+1(&/-6&>(/5638&67&-+/(1&61&-(/&9662.)<X&3.1(9/&+)3&.)3.1(9/?&45(&2+//(1&.8&67&>.)61&.>;61/+)9(&
+)3& 1+1(2=&:8(3%& +2/56:<5& ./& 5+8& /5(& +3*+)/+<(& /5+/&)61>+2& /+;&-+/(1& 9+)&A(&:8(3& +8& 9662+)/%&-5.95&
36(8& )6/& 1(S:.1(& 9662.)<& ;2+)/8&-./5&-+/(1& /1(+/>()/& 761& /5(& 8:;;2=& 67& 3(>.)(1+2.0(3&-+/(1?& H)& /5(&
+A8()9(&67& 8:95& .)71+8/1:9/:1(%& .)3.1(9/& 9662.)<& 856:23&A(& 96)8.3(1(3& +8& +&;688.A2(& +2/(1)+/.*(%& (*()&
/56:<5&./&.>;2.(8&+&>61(&96>;2(B&96.2&3(8.<)?&H)&+&8./:+/.6)&-5(1(&+.1&9662.)<&.8&C:8/&+/&/5(&2.>./%&/5(&
>6:)/.)<&67&+)&(B/(1)+2&5(+/&8.)D&9662(3&-./5&/+;&-+/(1&9+)&()5+)9(&/5(&9662.)<&;(1761>+)9(&D((;.)<&
/5(&/5(1>+2&26+3&-./5.)&2.>./8&61&;(1>.//.)<&82.<5/2=&5.<5(1&9:11()/&3()8./.(8?&k6-(*(1%&.)3.1(9/&9662.)<&
.8&8(236>&:8(3%&86&5(1(&-(&769:8&6)&/5(&()<.)((1.)<&+)3&96)8/1:9/.6)&67&3.1(9/&-+/(1J9662(3&96.28?&
45(&9:11()/&3()8./=&.)&3.1(9/&-+/(1J9662(3&96.28&9+)&A(&/=;.9+22=&+8&5.<5&+8&Vb&Eo>>Y?&45.8&.8&+&
96)8(1*+/.*(& *+2:(& /5+/& 9+)& A(& (+8.2=& 1(+2.0(3& -./5& 8/+)3+13& 96.2& >63(28?& H/& .8& +& <663& 96>;16>.8(&
+88:1.)<& +& 5.<5& 2(*(2& 67& 1(2.+A.2./=& 3:1.)<& 6;(1+/.6)& +)3& +& 96>;+9/& 96.2& 2+=6:/?& E2/56:<5& 9:11()/&
3()8./.(8& 67& eb& Eo>>Y& 9+)& A(& +//+.)(3& 761& 8;(9.7.9& +;;2.9+/.6)8%& (?<?%& 8(;/:>& >+<)(/8%& ./& .8& )6/&
1(96>>()3(3& 761& 8/+)3+13&>+<)(/8& A(9+:8(& /5(& 1(2.+A.2./=& +)3& 2.7(/.>(& 67& /5(& 96.28& .8& 8.<).7.9+)/2=&
1(3:9(3?&k.<5& 9:11()/& 3()8./.(8& 1(S:.1(& +& 86;5.8/.9+/(3& 9662.)<& 9.19:./& 3(8.<)&-./5&>:2/.;2(& ;+1+22(2&
9.19:./8& ;(1& 96.2&P& (*()& 8.)<2(& /:1)& 9662.)<&P& +)3& 5.<5& 9662+)/& *(269./.(8& .)91(+8.)<& /5(& 1.8D& 67&
(168.6)?&&
,/+)3+13& -+/(1J9662(3& 96.28& +1(& -6:)3& 716>& 1(9/+)<:2+1& 61& 8S:+1(& 96;;(1& 61& +2:>.).:>&
96)3:9/61&-./5&+&9()/1+2&9662.)<&3:9/&761&3(>.)(1+2.0(3&-+/(1&+8&856-)&.)&I.<?&Y]?&45(&.)/(1J/:1)&+)3&
<16:)3& .)8:2+/.6)& .8& ;16*.3(3& A=& 6)(& 61&>61(& 2+=(18& 67& 5+27J2+;;(3& <2+88& 7.A1(& /+;(& .>;1(<)+/(3& .)&
(;6B=& 1(8.)?& H)/(1J/:1)& .)8:2+/.6)& /5.9D)(88& .8& )61>+22=& A(/-(()& b?\& >>& +)3& V?b& >>%& /5(& <16:)3&
.)8:2+/.6)&/5.9D)(88&856:23&A(&A(/-(()&b?]&>>&+)3&\?b&>>&3(;()3.)<&6)&/5(&+;;2.(3&*62/+<(?&
&
&
Fig. 25:&k6226-&96)3:9/61&;167.2(8&761&-+/(1J9662(3&96.28&
4.6.3 Conductor materials 
!6)3:9/61&>+/(1.+28&-5.95& +1(&>68/& 96>>6)2=& :8(3& 761& /5(& 96)8/1:9/.6)& 67& )61>+2J96)3:9/.)<& +1(&
+2:>.).:>&+)3&96;;(1?&@6/5&>+/(1.+28&+1(&+*+.2+A2(&.)&3.77(1()/&<1+3(8&+)3&;:1./.(8?&&U5.2(&+2:>.).:>&
-+8&+&<663&+2/(1)+/.*(&.)&/5(&;+8/%&8.)9(&./&-+8&>:95&95(+;(1%&)6-+3+=8&96;;(1&96.28&+1(&>61(&8/+/(J
67J/5(J+1/?&45(&>+/(1.+2&968/8&/63+=&+1(&8.>.2+1&761&+&96;;(1&96.2&+)3&+)&+2:>.).:>&96.2&;16*.3(3&/5(=&
5+*(&/5(&8+>(&(2(9/1.9+2&1(8.8/+)9(%&A:/&+2:>.).:>&96.28&5+*(&+&2+1<(1&91688J8(9/.6)?&K)&/5(&6/5(1&5+)3%&
+2:>.).:>&.8&(+8.(1&/6&761>&8.)9(&./&36(8&)6/&-61D&5+13()?&
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4+A2(& \& <.*(8& /-6& (B+>;2(8& 67& /=;.9+2& 8/+)3+13& >+/(1.+28& /6<(/5(1& -./5& /5(.1& >+.)&
95+1+9/(1.8/.98?&Q+<)(/& 3(8.<)(18& +)3& ()<.)((18& -56& 266D& 761& >61(& 3(/+.2(3& .)761>+/.6)& +)3& 6/5(1&
+*+.2+A2(&<1+3(8&856:23&96)8:2/&8:;;2.(18%&>+/(1.+2&3+/+A+8(8%&61&.)/(1)+/.6)+2&8/+)3+138?&
Table 3X&4=;.9+2&;16;(1/.(8&67&96)3:9/61&>+/(1.+28&&
Property Aluminium Copper (OF grade) 
F:1./=& dd?^l& dd?d]l&
#(8.8/.*./=&+/&Ybf!& Ye?\&)?&>& V^?Y&)?&>&
45(1>+2&1(8.8/.*./=&96(77.9.()/& b?bbc&TJV& b?bbc&TJV&
W()8./=& Y?^b&D<o3>\& e?dc&D<o3>\&
45(1>+2&96)3:9/.*./=& Y\^&Uo>&T& \dV&Uo>&T&
E;;16B?&;1.9(& c?^&voD<& VV&voD<&
&
U5()&-.)3.)<&+&96.2&P&1(<+132(88&67&-5(/5(1&./&.8&>+3(&67&+2:>.).:>&61&96;;(1&P&8;(9.+2&9+1(&
5+8& /6&A(& /+D()& /6&+*6.3& 8>+22&A()3.)<& 1+3..?&E& /.<5/&A()3.)<& 1+3.:8& .)91(+8(8& /5(& 1.8D&67& .)8:2+/.6)&
3+>+<(%&3(91(+8(8&/5(&91688J8(9/.6)&67&/5(&9662.)<&3:9/&+)3&2(+38&/6&+)&.)91(+8(&67&/5(&6:/(1&96)3:9/61&
3.>()8.6)8%&-5.95&.8&D)6-)&+8&/5(&_D(=8/6)(&(77(9/R&61&_D(=8/6).)<R?&&
&
Fig. 26:&T(=8/6)(&(77(9/&
T(=8/6).)<%& +8& 856-)& .)&I.<?& Ya%& .8& 9+:8(3&A=& /5(&561.06)/+2& <16-/5&67& /5(&96)3:9/61&6)& /5(&
.)8.3(& 1+3.:8& 67& /5(& 96.2& -5()& A()3.)<& /5(& 96)3:9/61& +16:)3& /5(& 561.06)/+2& +B.8?& 45(& (77(9/& 67&
D(=8/6).)<& 5+8& A(()& 3(/(1>.)(3& .)& /5(& ;+8/& (>;.1.9+22=?& I61& +& A()3.)<& 1+3.:8& 67& /51((& /.>(8& /5(&
96)3:9/61&-.3/5&-(&9+)&(B;(9/&+&D(=8/6).)<&67&\?alX&&
& &
-5(1(&K&>(+)8&/5(&96)3:9/61&3.>()8.6)&;+1+22(2&/6&/5(&A()3.)<&+B.8?&
I61& 96.28& -./5& >+)=& /:1)8%& /5(& 9:>:2+/.*(& (77(9/& 67& D(=8/6).)<& 9+)& 2(+3& /6& +& 8.<).7.9+)/&
()2+1<(>()/& 67& /5(& 96.2& 3.>()8.6)8& .)& /5(& A()3.)<& 1(<.6)8& +)3& 96)8(S:()/2=& /6& ;16A2(>8& 761& /5(&
.)8/+22+/.6)& 67& /5(& 96.28& .)& /5(& =6D(?& H)& ;1.)9.;2(%& -(& 9+)& .<)61(& /5(& (77(9/& 67& D(=8/6).)<& A=&
8=8/(>+/.9+22=&95668.)<&+&A()3.)<&1+3.:8&76:1&/.>(8&2+1<(1&/5+)&/5(&96)3:9/61&-.3/5?&
4.6.4 Cooling parameters 
U+/(1&9662.)<&.8&)(9(88+1=&-5()(*(1&2+1<(&96.2&91688J8(9/.6)8&5+*(&/6&A(&+*6.3(3&+)3&5.<5(1&9:11()/&
3()8./.(8&+1(&.)3.8;()8.A2(?&45(&96)8/1:9/.6)&67&-+/(1J9662(3&96.28&1(S:.1(8&56226-&96)3:9/618&-./5&+&
9662.)<&95+))(2?&!5668.)<&/5(&9611(9/&;+1+>(/(18&+)3&3.>()8.6)8%&8:95&+8&):>A(1&67&9662.)<&9.19:./8%&
/5(&8.0(&67&/5(&9662.)<&95+))(2&+)3&/5(&726-&1+/(%&.8&)6/&(+8=&+)3&1(S:.1(8&8(*(1+2&./(1+/.6)8&/6&+11.*(&+/&
+&8+/.87+9/61=&862:/.6)?&45.8&8(9/.6)&+331(88(8&/5(&9+29:2+/.6)&+)3&3(8.<)&67&+)&(77.9.()/&9662.)<&9.19:./?&&
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@(761(&()/(1.)<&.)/6&/5(&8:AC(9/%&H&-.22&<.*(&+&7(-&1(96>>()3+/.6)8&+)3&9+)6).9+2&*+2:(8%&-5.95&
856:23&5(2;&/5(&>+<)(/&3(8.<)(1&-./5&5.8&956.9(8?&F2(+8(&)6/(&/5+/&/5(8(&*+2:(8&+1(&1:2(8&67&/5:>A&+)3&
856:23&A(&91./.9+22=&91688J95(9D(3&+8&/6&/5(.1&*+2.3./=&+)3&+;;2.9+A.2./=&.)&/5(&;+1/.9:2+1&8./:+/.6)?&
E8&>()/.6)(3&.)&/5(&;1(*.6:8&8(9/.6)%&/5(&9:11()/&3()8./.(8&761&-+/(1J9662(3&96.28&856:23&A(&D(;/&
A(/-(()&Y&Eo>>Y& +)3&Vb&Eo>>Y?&@(26-& /5(8(&*+2:(8%& +.1& 9662.)<& .8& ;16A+A2=& 8:77.9.()/G& (B9((3.)<&
/5.8&/51(85623&.>;2.(8&>61(&96>;2.9+/(3&+)3&968/2=&3(8.<)8?&
45(& ;1(88:1(& 316;& -5.95& .8& /=;.9+22=& ;16*.3(3& A=& >63(1)& 9662.)<& ;2+)/8& 1+)<(8& A(/-(()&
b?V&QF+&+)3&V?b&QF+%&-5.95&9611(8;6)38&/6&V&/6&Vb&A+1?&E3*+)9(3&9662.)<&8/+/.6)8&9+)&8:;;2=&-+/(1&
-./5&+&;1(88:1(&:;&/6&Y?b&QF+?&E&26-&;1(88:1(&316;&9+)&A(&96>;()8+/(3&/6&+&9(1/+.)&(B/()/&A=&+&5.<5(1&
9662.)<&726-&+)3&+&>61(&96>;2(B&N+)3&(B;()8.*(O&96.2&3(8.<)&-./5&8(*(1+2&9662.)<&9.19:./8&.)&;+1+22(2?&
45(&*(269./=&67&/5(&9662.)<&>(3.:>&P&.)&<()(1+2&3(>.)(1+2.0(3&-+/(1&P&856:23&A(&8:77.9.()/2=&
5.<5&/6&<:+1+)/((&+&/:1A:2()/&726-&A:/&26-&()6:<5&N:+*<&?&]&>o8O&/6&+*6.3&(168.6)&+)3&*.A1+/.6)?&
E&>+B.>:>&;(1>.//(3&/(>;(1+/:1(&67&2(88&/5+)&abf!&6)&/5(&96.2&8:17+9(8&-+8&76:)3&/6&A(&<663&
;1+9/.9(?& H/& +*6.38& 61& 1(3:9(8& +99(2(1+/(3& +<(.)<& 67& .)8:2+/.6)&>+/(1.+28& .)& ;+1/.9:2+1& .)& ;1(8()9(& 67&
.6).0.)<& 1+3.+/.6)?& E88:>.)<& +& -+/(1& .)2(/& /(>;(1+/:1(& 67& 2(88& /5+)& \bf!%& /5.8& 9611(8;6)38& /6& +&
>+B.>:>& -+/(1& /(>;(1+/:1(& 1.8(& 67& \bf!%& +286& D((;.)<& /5(1>+2& 8/1(88& -./5.)& 2.>./8?& I61& 86>(&
+;;2.9+/.6)8&+&5.<5&>(95+).9+2&8/+A.2./=&+)3&96)8(S:()/2=&+&<663&/5(1>+2&8/+A.2./=&.8&(88()/.+2?&H)&8:95&
9+8(8%&/5(&>+B.>:>&/(>;(1+/:1(&1.8(&5+8&/6&A(&1(3:9(3&+99613.)<2=?&
H)&-5+/&76226-8&./&.8&+88:>(3&/5+/&/5(&9662.)<&;.;(8&+1(&+2-+=8&26)<%&>68/2=&8/1+.<5/&+)3&8>66/5&
.)8.3(&-./56:/&;(1/:1A+/.6)8&+)3&/5+/&/5(&726-&.8&/:1A:2()/%&>(+).)<&+&5.<5&#(=)6238&):>A(1?&U(&+286&
+88:>(&<663&5(+/&/1+)87(1&716>&96)3:9/61&/6&9662+)/%&-./5&/5(&/(>;(1+/:1(&67&/5(&.))(1&8:17+9(&67&/5(&
96)3:9/61&(S:+2&/6&/5+/&67&/5(&9662+)/%&+)3&/5+/&/5(&96)3:9/61&.8&.86/5(1>+2&6*(1&./8&91688J8(9/.6)?&
45(&7.18/&8/(;& .8& /6&3(/(1>.)(&56-&/5(&*(269./=&67&+&9662+)/&3(;()38&6)& /5(&3.>()8.6)8&67& /5(&
9662.)<&;.;(&+)3&/5(&;1(88:1(&316;&+26)<&./?&45(&;1(88:1(&316;&/516:<5&+&-+/(1&9.19:./&.8&D)6-)&/6&A(&
& & N\bO&
-./5&?$A(.)<&/5(&;1(88:1(& .)&hF+%&$o>Yi%& =$+&3.>()8.6)2(88$71.9/.6)&7+9/61%& )$+)3$1& /5(&9662.)<&9.19:./&
2()</5& .)& h>i& +)3& 3.+>(/(1& .)& h>i%& ?& /5(& 9662+)/& >+88& 3()8./=& .)& hD<o>\i%& -5.95& 761& -+/(1& .8&
Vbbb&D<o>\&[&V&D<o2./1(%&+)3&2/D4&/5(&+*(1+<(&9662+)/&*(269./=&.)&h>o8i?&
45(&71.9/.6)&7+9/61&=&3(;()38&6)&/5(&#(=)6238&):>A(1&#(& $ $
& & N\VO&&
-./5&?$3(891.A.)<&/5(&/(>;(1+/:1(J3(;()3()/$D.)(>+/.9&*.8968./=&67&+&9662+)/?&I61&6:1&;:1;68(&-(&9+)&
+88:>(&./&+8&96)8/+)/X&d?e]tVbJ^&>Yo8&761&-+/(1&+/&YVf!?&
I16>&/5(&/(B/&A66D8%&/5(&71.9/.6)&7+9/61&=&761&2+>.)+1&726-&N#(=)6238&):>A(1&2(88&/5+)&YbbbO&.8&&
& & &?&
I61&6:1&;:1;68(%&/5(&726-&.8&/:1A:2()/&N#(&p&cbbbO%&+)3&/5(&71.9/.6)&7+9/61&=&.8&/1+)89()3()/+2X&
& & N\YO&&
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-5(1(& ?$ .8& +& >(+8:1(& 761& /5(& 16:<5)(88& 67& /5(& 9662.)<& 95+))(2& N/=;.9+22=& V?]& t& VbJ\& >>O?&U(& 9+)&
1(761>:2+/.6)&"S?&N\bO&/6&(B;1(88&/5(&9662+)/&*(269./=&2/D4&
& &?& N\\O&&
45(& 71.9/.6)& 7+9/61& =& .)& "S?& N\\O& 3(;()38& 6)& /5(&#(X2/D4Y5$-5.95&>(+)8& /5+/& /6& 862*(& 761& 2/D4&
1(S:.1(8& +)& ./(1+/.*(& ;169(88?& 45.8& .8& +286& 856-)& .)& /(B/& A66D8& 6)& 5(+/& /1+)87(1?& ,:A8/./:/.)<& /5(&
#(=)6238&):>A(1&.)&"S?&N\YO&A=&
& && N\cO&&
=.(238&
& &?& N\]O&&
E88:>.)<&/5+/&-+/(1&.8&:8(3&+8&9662.)<&72:.3%&/5.8&96>;2.9+/(3&(B;1(88.6)&9+)&A(&8.>;2.7.(3&/6&
& &?& N\aO&&
45(&5(+/&+A861A(3&A=&9662+)/&>(3.:>&+91688&+&5(+/(3&8:17+9(&.8&
& & N\^O&&
-5(1(&]&.8&/5(&;6-(1&3.88.;+/(3&.)&hUi%&'?&.8&/5(&5(+/&9+;+9./=&.)&hU&8oD<&f!i%&-5.95&.8&c?Vd&tVb\&U&
8oD<&f!&761&-+/(1%&?!&.8&/5(&/(>;(1+/:1(&.)91(+8(&.)&hf!i&+)3& &.8&/5(&>+88&726-&.)&hD<o8i?&U1./.)<&
& & N\eO&&
-./5&[&A(.)<&/5(&9662+)/&726-&1+/(&.)&h2./1(o8i%&/5(&(B;1(88.6)&761&/5(&)(9(88+1=&726-&[&/6&1(>6*(&/5(&
3.88.;+/(3&5(+/&]&A=&/5(&8(2(9/.6)&67&/5(&>+B.>:>&;(1>.88.A2(&/(>;(1+/:1(&?!&.8&<.*()&A=&
& &?& N\dO&&
m8.)<&-+/(1&+8&9662.)<&>(3.:>%&"S?&N\dO&9+)&A(&8.>;2.7.(3&+)3&1(-1.//()&/6&
& &?& NcbO&&
T)6-.)<&/5+/&/5(&9662+)/&726-&.)8.3(&+&16:)3&/:A(&-./5&+&A61(&3.+>(/(1&1&.8& &
& & & & & &&%& & & & & NcVO&
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/5(&/(>;(1+/:1(&.)91(+8(&?!&.)&+&-+/(1J9662(3&9.19:./&3:(&/6&3.88.;+/(3&;6-(1&]&.8&&
&
&& &?& NcYO&&
4-6&7:1/5(1&1(2+/.6)8&+77(9/&9662.)<&;(1761>+)9(&+)3&856:23&A(&96)8.3(1(3&.)&/5(&8=8/(>&2+=6:/X&
F1(88:1(&316;&.8&.)*(18(2=&;16;61/.6)+2&/6&/5(&/5.13&;6-(1&67&/5(&):>A(1&67&9.19:./8&_>&;(1&96.2X&
& &?& &&
45.8&.>;2.(8& /5+/&761&+&<.*()&726-%&/5(&;1(88:1(&316;&.8&1(3:9(3&A=&+&7+9/61&67&(.<5/&A=&36:A2.)<&/5(&
):>A(1&67&9662.)<&9.19:./8?&&
45(&;1(88:1(&316;&.8&.)*(18(2=&;16;61/.6)+2&/6&/5(&7.7/5&;6-(1&67&/5(&9662.)<&95+))(2&3.+>(/(1&1X&
& &?& &&
45.8&.>;2.(8&/5+/&+)&.)91(+8(&67&/5(&9662.)<&95+))(2&3.+>(/(1&A=&+&8>+22&7+9/61&9+)&1(3:9(&/5(&1(S:.1(3&
;1(88:1(&316;&8.<).7.9+)/2=?&
4.6.5 Cooling circuit design 
H)&/5(&;1(*.6:8&8(9/.6)&-(&3(1.*(3&/5(&761>:2+8&1(S:.1(3&/6&9+29:2+/(&/5(&>+.)&;+1+>(/(18&67&+&9662.)<&
9.19:./?&I.)3.)<&+&<663&862:/.6)&761&+&9662.)<&2+=6:/&.8&+)&./(1+/.*(&+)3&2()</5=&(B(19.8(&+)3&/5(1(&+1(&
9(1/+.)2=&3.77(1()/&>(/5638&-5.95&2(+3&/6&+&8+/.87+9/61=&3(8.<)?&H)&/5.8&8(9/.6)&H&-.22&3(>6)8/1+/(&+&-+=&
/6&8/+1/&-./5&/5(&3(8.<)&67&+&9662.)<&9.19:./&761&+&3.;62(&>+<)(/%&-5.95&5+8&+2-+=8&-61D(3&7.)(&761&>(?&
K/5(1&>+<)(/& /=;(8&8:95&+8&S:+31:;62(8&61&8(B/:;62(8&9+)&A(&/1(+/(3&.)&+&8.>.2+1&-+=&A=&>63.7=.)<&
/5(& ;+1+>(/(18& +99613.)<2=?& 45(& 8/(;8& 3(891.A(3& 96)/+.)& 8(*(1+2& +;;16B.>+/.6)8& +)3& +88:>;/.6)8&
-5.95&>+=&)6/&+;;(+1&*(1=&;1(9.8(%&A:/&/5(=&856:23&5(2;&8(//.)<&+&8/+1/.)<&;6.)/&761&+)&./(1+/.*(&3(8.<)&
;169(88?&W(;()3.)<&6)&56-&3(>+)3.)<&/5(&1(S:.1(>()/8&+)3&96)8/1+.)/8&+1(%&>61(&61&2(88&7.)(J/:).)<&
6)& .)./.+2& +88:>;/.6)8&-.22& A(& 1(S:.1(3& .)& +& 8(96)3&61& /5.13& ./(1+/.6)?&46& 8/+1/&-./5&-(& 8:;;68(& /5+/&
9:11()/&3()8./=&\%&;6-(1&]%&9:11()/&@%&+)3&/5(&):>A(1&67&/:1)8&^$5+*(&+21(+3=&A(()&3(/(1>.)(3?&
I.18/%&/5(&):>A(1&67&2+=(18&.&.)&/5(&96.2&+)3&/5(&):>A(1&67&/:1)8&;(1&2+=(1&,$5+8&/6&A(&8(2(9/(3#$
K7/()&6)(&)((38&/6&16:)3&:;&/5(&):>A(1&67& /:1)8&^&;(1&96.2& /6&<(/&1(+86)+A2(&):>A(18&761&.&+)3&,?&
45(&96.2&5(.<5/&'&+)3&96.2&-.3/5&;&9+)&A(&3(7.)(3&>61(&61&2(88&+1A./1+1.2=%&/5(&2.>./.)<&7+9/61&A(.)<&/5(&
+*+.2+A2(&8;+9(&.)&/5(&96.2&-.)36-&67&/5(&=6D(?&E)&+8;(9/&1+/.6&67&'X;&A(/-(()&VXV&+)3&VXY&856:23&A(&
9568()%&+)3&/5(&;+9D.)<&7+9/61&='&86>(-5(1(&A(/-(()&b?a&+)3&b?e?&45(&/6/+2&96.2&91688J8(9/.6)&+1(+&K&.8&
& &?& Nc\O&&
45(& 76226-.)<& 761>:2+& 5+8& A(()& 76:)3& /6& A(& +& <663& +;;16B.>+/.6)& /6& (8/.>+/(& /5(& +*(1+<(&
2()</5&67&+&96)3:9/61&/:1)&761&3.;62(&>+<)(/8&-./5&;62(8X&
)/D4[&;62(&;(1.>(/(1&w&e&x&92(+1+)9(&A(/-(()&;62(&+)3&96.2&w&c&x&96.2&-.3/5&
I61& /5(& 7.18/& ./(1+/.6)&-(&9+)&+88:>(&+&96.2&-./5& +& 8.)<2(& 9662.)<&9.19:./?& H7& ./& /:1)8&6:/& /6&A(&
.)8:77.9.()/%& /5(&):>A(1&67&9.19:./8&;(1&96.2&5+8& /6&A(& .)91(+8(3&.)& /5(&8(96)3& ./(1+/.6)?&K)&/5(&6/5(1&
5+)3%&6)(&>+=&7.)3&/5+/&/5(&1(S:.1(3&-+/(1&;1(88:1(&.8&7+1&2(88&/5+)&/5(&+*+.2+A2(&;1(88:1(?&H)&/5.8&9+8(&
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6)(&9+)&8.>;2.7=& /5(&>+<)(/&3(8.<)&A=&96))(9/.)<&8(*(1+2&96.28& .)&8(1.(8&61& 1(3:9.)<& /5(&8.0(&67& /5(&
9662.)<&3:9/%&8:95&/5+/&>61(&96)3:9/61&91688J8(9/.6)&.8&+*+.2+A2(&/6&9+11=&/5(&(2(9/1.9+2&9:11()/?&&
45(& /6/+2& 2()</5&67& /5(& 9662.)<& 9.19:./%& +88:>.)<& /5+/&-(& 9+)&)(<2(9/& /5(& 96))(9/.6)&568(8&61&
/:A(8&8.)9(&/5(=&+1(&8561/&96>;+1(3&/6&/5(&9.19:./&2()</5&.)&/5(&96.28%&.8&(B;1(88(3&A=&
&
&& && NccO&&
-5(1(&_'&.8&/5(&):>A(1&67&96.28&;(1&>+<)(/&+)3&_>&.8&/5(&):>A(1&67&-+/(1&9.19:./8&;(1&>+<)(/?&H)&/5(&
9+8(&67&6:1&761>(1&+88:>;/.6)&/6&5+*(&6)(&9.19:./&;(1&96.2%&_>&.8&(S:+2&/6&_'?&&
45(& )(B/& 8/(;& .8& /6& 8(2(9/& /5(& >+B.>:>& ;(1>.88.A2(& /(>;(1+/:1(& 1.8(& ?!$ +)3& /5(& +*+.2+A2(&
;1(88:1(&316;&??&+)3&/6&9+29:2+/(&/5(&9662.)<&562(&3.+>(/(1&1&
& &?& Nc]O&&
H7&/5(&1(8:2/8&716>&"S?&Nc\O&2(+3&/6&+&3.+>(/(1&67&/5(&9662.)<&562(&/5+/&.8&/66&2+1<(&61&/6&8>+22%&
(./5(1&/5(&;1(88:1(&316;&??$61&/5(&):>A(1&67&9662.)<&9.19:./8&_>&9+)&A(&95+)<(3&A(761(&1(;(+/.)<&/5(&
9+29:2+/.6)?&K)9(&+&8+/.87+9/61=&862:/.6)&.8&76:)3&6)(&9+)&96)/.):(&/6&3(/(1>.)(&/5(&96)3:9/61&+1(+&A=&
& & NcaO&&
-5(1(& 1(3<(& .8& /5(&(3<(& 16:)3.)<& 1+3.:8&67& /5(& 96)3:9/61&;167.2(?&T)6-.)<& /5(&96)3:9/61& +1(+&/%& /5(&
96)3:9/61&3.>()8.6)8&+)3&.)8:2+/.6)&/5.9D)(88&9+)&A(&7.B(3?&$6-&./& .8& /.>(&/6&*(1.7=&.7& /5(&1(8:2/.)<&
96.2&3.>()8.6)8%&/5(&):>A(1&67&/:1)8&^%& /5(&96.2&9:11()/&@%& /5(&96.28&1(8.8/+)9(&L&+)3&/5(&/(>;(1+/:1(&
1.8(& ?!$ +1(& 8/.22& 96>;+/.A2(& -./5& /5(& .)./.+2& +88:>;/.6)8& +)3& 1(S:.1(>()/8?& H7& /5.8& .8& )6/& /5(& 9+8(%&
+)6/5(1&./(1+/.6)&-./5&+&)(-&8(/&67&;+1+>(/(18&5+8&/6&A(&2+:)95(3?&
45(&2+8/&8/(;&.8&/6&96>;:/(&/5(&9662+)/&*(269./=&+)3&/5(&9662+)/&726-&:8.)<&"S?&N\aO&+)3&"S?&NcbO&
+)3&*(1.7=%&:8.)<&&"S?&N\VO%&-5(/5(1&/5(&#(=)6238&):>A(1&9611(8;6)38&/6&/:1A:2()/&726-&N#(&p&cbbbO?&
4.6.6 Cooling water properties 
I61&/5(&9662.)<&67&56226-&96)3:9/61&96.28%&-./5&/5(&(B9(;/.6)&67&.)3.1(9/&9662(3&96.28%&3(>.)(1+2.0(3&
-+/(1& 5+8& /6& A(& >+3(& +*+.2+A2(?& ,.)9(& /5(& -+/(1& S:+2./=& .8& (88()/.+2& 761& /5(& ;(1761>+)9(& +)3& /5(&
1(2.+A.2./=&67&/5(&96.2%&/5(&76226-.)<&/=;.9+2&-+/(1&;16;(1/.(8&856:23&A(&<:+1+)/((3X&&
– U+/(1&1(8.8/.*./=&5.<5(1&/5+)&b?V·Vba&?>&&
– ;kJ*+2:(&A(/-(()&a&+)3&a?]&
– 3.8862*(3&6B=<()&A(26-&b?V&;;>&N;+1/8&;(1&>.22.6)O&
H)& +33./.6)& /6& 7.2/(18& /6& A(& .)8/+22(3& .)& /5(& -+/(1& 9.19:./8& 9268(& /6& /5(& >+<)(/& /6& +*6.3& +)&
6A8/1:9/.6)&67& /5(&9662.)<&3:9/&A=&;+1/.92(8%& 2668(&3(;68./8&+)3&<1(+8(%&+&96)8/+)/&>6)./61.)<&67& /5(&
-+/(1&S:+2./=&.8&.)3.8;()8.A2(?&E&;661&-+/(1&S:+2./=&)(<2(9/.)<&/5(&+A6*(&1(96>>()3+/.6)8&>.<5/&2(+3&
866)(1&61& 2+/(1& /6&7+.2:1(8& 2.D(&(2(9/1.9+2&8561/&9.19:./8&+)3&2(+D8&.)&/5(&-+/(1&9.19:./&3:(&/6&961168.6)&
+)3&(168.6)&(77(9/8?&
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4.7 Cost estimate 
F1(;+1.)<& +& 9611(9/& 968/& (8/.>+/(& 761& +& >+<)(/& ;16C(9/& 1(S:.1(8& +& 26/& 67& (B;(1.()9(& +)3& +& <663&
D)6-2(3<(& 67& /5(&>+1D(/?&U5.2(& /5(&>+/(1.+2& ;1.9(8& +1(&-(22& D)6-)%& /5(& (*+2:+/.6)& 67& /5(& 968/8& 67&
>+):7+9/:1.)<& +& >+<)(/& .8& )6/& +& ;1(9.8(& 89.()9(& +)3& 3(;()38& 6)& >+)=& 3.77(1()/& ;+1+>(/(18?& F+8/&
(B;(1.()9(&5+8&856-)&/5+/&;1.9(8&716>&/5(&26-(8/&/6&/5(&5.<5(8/&A.3&>+=&*+1=&A=&:;&/6&+&7+9/61&/51((?&
H)&/5(&71+>(-61D&67&/5(8(&2(9/:1(8&-(&9+)&6)2=&<.*(&+)&613(1&67&>+<)./:3(&.)3.9+/.6)&67&;1.9(8%&
+8& 856-)& .)& 4+A2(& c?& 45(& .)(B;(1.()9(3& >+<)(/& 3(8.<)(1& 856:23& 96)8:2/& (./5(1& >61(& (B;(1.()9(3&
9622(+<:(8&+)3o61&>+<)(/&8:;;2.(18&/6&31+7/&1(+2.8/.9&(8/.>+/.6)&67&968/8?&
&
Table 4X&!68/&.)3.9+/.6)&761&8/+)3+13&>+<)(/8&N*+2.3&761&YbVbO&&
Item Cost indication 
F163:9/.6)J8;(9.7.9&/662.)<& ]bbb&Z&V]&bbb&&vo/662.)<&
,/((2&85((/8& V?b&Z&V?]&voD<&
!6;;(1&96)3:9/61& Vb&Z&V]&voD<&
$ &
`-(*$./,2=/'32+*Z$
W.;62(8&Np&Vbbb&D<O&
g:+31:;62(8%&8(B/:;62(8&Np&Ybb&D<O&
,>+22&>+<)(/8&
&
a&Z&Vb&voD<&
]b&Z&eb&voD<&
:;&/6&\bb&voD<&
& &
R-&)$./,2=/'32+*Z$
W.;62(8&Np&Ybb&D<O&
g:+31:;62(8%&8(B/:;62(8&Np&\b&D<O&
,>+22&>+<)(/8&
&
\b&Z&]b&voD<&
a]&Z&eb&voD<&
:;&/6&\bb&voD<&
& &
!6)/.)<()9=& Vb&Z&Ybl&
&
4.7.1 Cost optimization 
K)(&67&/5(&>+.)&<6+28&.)&>+<)(/&3(8.<)&856:23&A(&/6&>+D(&+)&(96)6>.9&3(8.<)&761&>.).>:>&/6/+2&968/&
6*(1&/5(&>+<)(/&2.7(/.>(?&46/+2&968/&9+)&A(&3.*.3(3&.)/6&9+;./+2&.)*(8/>()/&+)3&1:)).)<&968/8&+8&856-)&
.)&I.<?&Y^?&45(&968/&7+9/61&_;6-(1R&.8&.>;61/+)/&+8&./&()/(18&.)/6&A6/5&/5(&9+;./+2&+)3&1:)).)<&968/8?&&
&
Fig. 27:&Q+<)(/&968/&7+9/618&
U5.2(&./& .8&3.77.9:2/&/6&(8/.>+/(&/5(&+A862:/(&>+<)(/&968/8&;1(9.8(2=%&/5(&1(2+/.*(&968/&67&3(8.<)&
*+1.+)/8&9+)&A(&96>;+1(3&+)3&6;/.>.0(3&1(2+/.*(2=&(+8.2=?&E)&.)/(1(8/.)<&>(/563&/6&>.).>.0(&6*(1+22&
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968/& A=& 6;/.>.0.)<& 89+2.)<& ;+1+>(/(18%& (?<?%& >+<)(/& 2()</5& +)3& /5(& 9:11()/& 3()8./=& .8& 3(891.A(3& .)&
#(7?&hYi?&
E8&3(>6)8/1+/(3& .)& /5.8&;+;(1%&+&3(91(+8(&67& /5(&9:11()/&3()8./=& 2(+38& /6& .)91(+8(8&67& /5(&96.2&
91688J8(9/.6)&+)3&.)91(+8(8&67&/5(&96.2&+)3&=6D(&>+/(1.+2&+)3&>+):7+9/:1.)<&968/&-5.28/&3(91(+8.)<&/5(&
6;(1+/.6)& 968/8?& 45(& +3*+)/+<(8& 67& 26-& 9:11()/& 3()8./.(8& +1(& /5(& 26-(1& ;6-(1& 2688(8%& 1(3:9.)<& /5(&
;6-(1& 96)8:>;/.6)& +)3& ;6-(1& 96)*(1/(1& 8.0(& +)3& 2(+3.)<& /6& 2(88& 5(+/& 3.88.;+/(3& .)/6& /5(&>+95.)(&
/:))(2?& k.<5& 9:11()/& 3()8./=& <.*(8& /5(& +3*+)/+<(8& 67& 8>+22(1& 96.28%& 8>+22(1& >+<)(/8%& +)3& 26-(1&
.)*(8/>()/&968/?&
5 Conclusions 
H& 5+*(& 856-)& .)& /5.8& ;+;(1& 56-& /6& 8/+1/& +&>+<)(/& 3(8.<)& A=& :8.)<& 8.>;2(& +)+2=/.9+2& +)3& (>;.1.9+2&
761>:2+8?&,:95&+& 7.18/&31+7/& .8&67/()& 8:77.9.()/& /6&*+2.3+/(& /5(& 7(+8.A.2./=&67& +&3(8.<)&;16;68+2& +)3& /6&
3(1.*(&+&2.8/&67&/5(&>+.)&>+<)(/&;+1+>(/(18?&H)&+33./.6)&./&;16*.3(8&+&862.3&76:)3+/.6)&761&/5(&76226-.)<&
8/(;8&-5(1(&/5.8&;1(2.>.)+1=&3(8.<)&5+8&/6&A(&1(7.)(3&A=&>(+)8&67&):>(1.9+2&;16<1+>8?&U./5&/5(&5(2;&
67&/-6J&+)3&/51((J3.>()8.6)+2&I"Q&>63(28&6)(&5+8&/6&266D&.)&>61(&3(/+.2&.)/6&8:AC(9/8&2.D(&()3&7.(23&
(77(9/8%&7.(23&56>6<()(./=&+)3&;688.A2(&/1+)8.()/&(77(9/8&3:(&/6&/.>(&*+1.+)/&;+1+>(/(18&A(761(&()3.)<&
-./5&+&7.)+2&6;/.>.0+/.6)?&
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$(-&M61D%&YbbbO?&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
&
BASIC DESIGN AND ENGINEERING OF NORMAL-CONDUCTING, IRON-DOMINATED . . .
101
Appendix A: Basic magnet types 
&
Magnet type Field distribution Pole equation Flux density (By) 
&
!?"!#$
%&
&
7$8$$?$+$$ :78$/P$8$:F$8$96)8/?$$
&
!?"!#$
%&
&
S67$8$?$+S$$ :78$/S6$$
&
!?"!#$
%&
&
T6S7$0$7T$8$?$+T$ :78$/TX6S0$7SY$
&
!?"!#$
%&
&
OX6T7$d$67TY$8$?$+O$ :78$/OX6T$0$T67SY$$
&
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